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Cytology  and  cel 


FOREWORD 

During  an  argument  a  Liberal  and  a  Conservative  in  the  old- 
fashioned  sense  discovered  to  their  surprise  that  there  was  little  in 
fact  to  choose  between  their  idealized  positions.  So  it  is  with  the  cyto- 
logist  and  biochemist;  initially  so  widely  separated  in  method  and 
outlook,  so  far  as  the  biochemist’s  concern  is  chemistry  and  life,  this  is 
also  the  ultimate  cytological  aim.  Some  years  ago  the  writer  of  this 
foreword  was  forced  to  urge  the  need  for  a  bolder  and  more  imaginative 
co-operation  from  the  standpoint  of  known  biochemical  facts  about  the 
nucleo-proteins,  finding  a  possible  solution  of  some  difficulties  about 
the  living  cell  in  a  conception  which  has  subsequently  been  called  the 
‘cyto-skeleton ’.  Arguments  borrowed  from  organic  chemistry  will  do 
much  to  provide  a  partial  explanation  of  the  unity  and  division  of  the 
cell. 

This  book  is  wanted  to  form  a  permanent  record  of  the  tendency  for 
these  two  previously  separated  groups  of  workers  to  draw  together. 
Most  people  really  waste  the  time  of  enforced  idleness  which  is  such  an 
inevitable  accompaniment  of  a  war.  It  is  greatly  to  the  credit  of  the 
contributors  here  that  they  have  fought  mental  lethargy  to  the  point  of 
creating  this  valuable  composite  statement  upon  the  cell.  The  spirit  is 
indeed  hard  to  crush ;  the  weakness  and  strength  of  the  flesh  rests 
upon  organized  chemistry. 

The  above  words  were  written  in  the  foreword  to  the  first  edition  of 
this  book  in  this  month  seven  years  ago.  Now  that  the  spirit  has  indeed 
triumphed,  there  has  come  leisure  for  this  second  edition.  The  very 
fact  that  this  is  wanted  speaks  in  itself  for  the  value  of  this  book.  I  can 
commend  it  sincerely  to  those  who  wish  to  think  more  deeply  about 
the  varied  problems  presented  by  the  living  cell  and  so  to  approach 
a  better  understanding  of  the  unit  upon  which  the  phenomena  of  life 
are  based. 


27  July  1948 


R.  A.  PETERS 


PREFACE  TO  SECOND  EDITION 


IN  the  new  edition  of  this  book  which  is  published  some  eight  years 
after  the  first  edition  and  during  a  period  of  peace,  the  same  general 
form  and  all  the  existing  chapters  have  been  retained.  All  the  chapters 
have  been  revised  and  rewritten  with  new  material  added,  and  in  some 
cases  substantial  changes  have  been  made.  The  importance  of  the 
pathological  aspect  of  cytology  has  made  it  necessary  for  this  particular 
chapter  to  be  greatly  enlarged.  There  are  two  new  complete  chapters, 
one  on  ‘Histogenesis  in  Tissue  Culture’  by  Honor  B.  Fell,  and  one  on 
aspects  of  evolutionary  cytology  by  E.  N.  Willmer.  Two  portions  of 
chapters  are  contributed  by  F.  K.  Sanders  and  R.  Barer,  who  write  on 
‘Special  Methods’  of  cytological  investigation  and  microscopy.  Dr. 
Sanders  has  also  assisted  in  the  revision  of  Chapter  VIII. 

I  am  indebted  to  the  Ministry  ojf  Supply  by  whose  kind  permission 
the  electron  microscope  photographs  in  Plates  3  and  4  illustrating 
Dr.  Barer’s  article  on  microscopy  are  reproduced. 

Once  again  the  authors  and  the  Oxford  University  Press  are  thanked 
for  their  promptness  and  help  in  the  production  of  this  new  edition. 

G.  H.  B. 


LONDON  HOSPITAL  MEDICAL  COLLEGE, 
WHITECHAPEL,  E.  1 


PREFACE  TO  FIRST  EDITION 


The  phase  of  purely  moi-phological  investigation  of  cells  is  now 
changing  into  a  period  in  which  the  interpretation  of  structure  in 
terms  of  chemical  composition  and  function  is  the  aim  of  many  cytolo- 
gists;  This  does  not  mean  that  we  have  learnt  all  that  the  morphologist 
has  to  tell  us,  for  there  are  many  problems  of  cell  structure  which  he  has 
yet  to  solve.  But  it  means  that  the  morphologist  will  need  to  work,  not 
as  before  in  a  watertight  compartment,  nor  even  in  a  compartment 
which  is  covered  with  a  semi-permeable  membrane,  but  in  one  which 
will  permit  an  intimate  mixing  of  his  knowledge  with  that  of  the  physi¬ 
cist,  the  biochemist,  and  the  physical  chemist :  for  so  complex  are  cellu¬ 
lar  organization  and  function  that  the  brain  of  no  one  man  can  hope  to 
envisage  their  manifold  complications. 

In  this  book  an  attempt  has  been  made  to  bring  together  chemical, 
physicochemical,  and  morphological  aspects  of  the  study  of  cells.  It  has 
not  been  the  aim  to  cover  the  whole  field  of  cytology  or  of  cell  chemistry, 
indeed  it  would  take  a  series  of  volumes  to  do  so.  The  best  that  one  can 
do  is  to  choose  a  number  of  subjects  which  are  representative  of  different 
fields  of  the  study  of  cells  and  which  relate,  as  far  as  possible,  one  to  the 
other,  and  to  bring  them  together  within  a  single  cover. 

The  problems  of  producing  such  a  book  as  this  in  war-time  are  not 
inconsiderable,  and  the  editor  wishes  to  thank  the  contributors,  who  are 
all  scientists  working  in  war-time  Britain,  for  the  way  they  overcame 

them  many  difficulties  and  the  speed  with  which  they  produced  their 
various  chapters. 

The  whole  book  was  written  during  the  course  of  the  1940-1  air  blitz¬ 
krieg  on  Britain,  and  there  are  probably  no  chapters  of  which  part  was 
not  written  within  the  sound  of  bursting  bombs.  One  contributor,  in 
fact,  wrote  almost  his  entire  chapter  by  candle-light  in  an  air-raid  shelter 
during  the  worst  bombing  attacks  on  London.  Another  author  wrote 
his  whUe  on  sick  leave  from  one  of  the  fighting  services,  and  a  third  pro¬ 
duced  his  contribution  chiefly  in  railway  carriages  while  travelling  from 
one  urgent  war  duty  to  another.  Most  authors  have  written  their  chap¬ 
ters  m  what  little  time  they  had  left  over  from  war  research.  Others 
who  have  not  been  occupied  directly  in  this  way  have  had  their  time 
^everely  curtailed  by  other  war  duties  such  as  acting  as  air-raid  wardens, 


Incidental  difficulties  have  harassed  the  authors  in  various  ways 
Those  who  were  working  in  areas  subject  to  frequent  air  attack  had  to 
contend  with  the  closing  of  libraries  while  air  raids  were  in  progress,  or 
with  the  evacuation  of  libraries  to  other  parts  of  the  country.  I’he 
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latter  difficulty  often  resulted  in  long  and  tedious  journeys  to  obtain 
essential  periodicals. 

Thanks  are  also  due  to  Professor  R.  A.  Peters  for  his  interest  in  the 
subject  of  this  book  and  for  sparing  time  from  his  many  urgent  duties 
to  write  a  foreword  for  it. 

It  is  a  pleasure  to  acknowledge  the  care  and  attention  which  the  staff 
of  the  Oxford  University  Press  have  given  to  the  production  of  the  book 
and  to  congratulate  them  on  the  speed  with  which,  despite  their  occupa¬ 
tion  with  urgent  war  work,  they  were  able  to  place  it  in  print. 

G.  H.  B. 

UNIVERSITY  LABORATORY 
OF  PHYSIOLOGY 
OXFORD 

t  * 

December  1941 
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CHAPTER  I 

CYTOLOGICAL  TECHNIQUES 

A.  PREPARATION  OF  TISSUES  FOR  MICROSCOPICAL 
EXAMINATION  AND  HISTOCHEMISTRY 


By  JOHN  R.  BAKER 

i.  Introduction 


Thanks  to  recent  advances  in  histochemistry,  it  is  nowadays  once 
more  possible  for  the  study  of  substance  to  go  hand  in  hand  with 
the  study  of  the  minute  structure  of  organisms,  as  they  went  long  ago 
when  the  introduction  of  histological  staining  had  not  yet  driven  a 
subtle  wedge  between  the  two.  To-day  the  cytologist  is  or  must  become 
something  of  a  biochemist,  but  a  biochemist  of  an  unusual  sort.  It  was 
once  remarked  to  the  writer  that  biochemists  hke  to  have  their  sub¬ 
stances  in  test-tubes.  The  cytologist  wants  to  have  his  exactly  where 
they  were  in  life,  and  to  know,  as  precisely  as  he  can,  what  they  are. 
When  substance  and  structure  are  known,  the  way  is  clear  for  the  eluci¬ 
dation  of  the  main  problem  of  cytology,  which  is  to  discover  what  a  cell 
does  to  keep  alive  and  to  perform  its  functions  for  the  body  as  a  whole 
or  for  the  next  generation. 

To  some  extent  cytological  technique  is  a  craft.  No  one  will  succeed 
in  it  who  finds  its  processes  tedious.  To  ensure  the  making  of  a  good 
cytological  preparation,  of  whatever  kind,  it  is  necessary  not  only  to 
take  such  precautions  as  have  been  proved  to  be  valuable  in  the  parti¬ 
cular  case  in  hand,  but  also  to  do  everything  that  may  reasonably  be 
supposed  to  help  towards  the  desired  end.  Often  there  are  many  small 
ways  in  which  one  can  prevent  distortion  of  cellular  detail,  and  it  is  not 
possible  to  prove  conclusively  that  each  one  is  actually  helpful  in  every 
case;  but  if  all  the  small  precautions  are  omitted  for  the  sake  of  speed 
or  as  a  result  of  laziness,  success  is  unlikely. 

Time  may  often  be  saved  and  success  secured  by  the  adoption  of  long 
techniques.  In  these  days,  when  rush-methods  are  appreciated  beyond 
their  worth,  many  people  are  prepared  to  waste  almost  any  amount  of 
time  if  only  they  can  get  results  quickly.  The  quick  methods  often  take 
up  more  of  one’s  time  than  the  slow.  The  leaving  of  a  slide  overnight 
in  a  solution  occupies  none  of  anyone’s  time ;  the  holding  of  it  under  the 
same  solution  over  a  flame  engages  someone’s  close  attention  for  several 
minutes,  and  delicate  structures  may  be  injured. 

It  must  be  allowed  that  some  procedures  are  unnecessarily  tedious. 
^  different  substances  used  and  the  complication  of 


B 


2  CYTOLOGICAL  TECHNIQUES 

many  of  the  methods  often  seem  out  of  all  proportion  to  the  value  of  the 
results  obtained.  It  is  a  striking  experience  to  make  a  permanent  pre¬ 
paration  of  a  mammalian  testis  by  Benda’s  hugely  elaborate  process — 
involving,  as  it  does,  prolonged  fixation  followed  by  two  separate  mor¬ 
danting  processes  of  the  tissue  in  bulk  and  two  further  mordanting 
processes  applied  to  the  sections,  and  then  staining  of  the  mitochondria 
and  a  very  tricky  differentiation,  and  lastly  dehydration  mainly  by 
filter-paper  and  passage  into  balsam  via  bergamot  oil — and  afterwards 
to  tease  up  a  piece  of  fresh  testis  in  saline  and  see  the  mitochondria 
without  any  fixing  or  staining  process,  transparent  indeed  and  un¬ 
coloured,  but  as  clear  to  a  sensitive  eye  as  when  stained  intensely  violet 
in  the  permanent  preparation. 


ii.  Methods  Revealing  Structube 
a.  Fresh  Material 

When  cells  fall  apart  readily — and  unfortunately  they  usually  do  not 
— fresh  teased  preparations  in  indifferent  media  are  generall}"  preferable 
to  stained  sections.  The  body  fluids  of  the  animal  concerned  and  simple 
saline  solutions  (preferably  containing  some  calcium  ions^)  are  suitable 
media.  Cytologists  would  be  well  advised  to  concentrate  their  attention 
primarily  upon  cells  that  can  be  readily  isolated  or  studied  in  very  small 
groups,  simply  because  one  can  thus  avoid  studying  artifacts.  Advance 
is  likely  to  be  very  rapid  now  that  the  phase-contrast  microscope  has 
made  the  examination  of  unstained  living  cells  so  much  easier.  It  is 
remarkable,  however,  how  much  structure  can  often  be  made  out  in 
unstained  cells  by  patient  observation  with  the  ordinary  microscope, 
even  when  at  first  glance  little  is  seen. 

When  no  further  structure  can  be  discovered  in  unstained  cells,  the 
effect  of  dyes  of  small  toxicity  should  be  tried.  Many  basic  dyes  are 
suitable,  perhaps  as  suitable  as  the  neutral  red  and  Janus  green  that 
have  gained  such  wide  acceptance.  The  dyes  may  be  added  to  the 
water  in  which  the  animal  lives,  or  injected  into  it  (i.e.  into  the  haem- 
coel  of  a  mollusc^^).  Alternatively  the  dye  may  be  dissolved  in  a  saline 
solution  and  the  ceUs  suspended  in  this. 

Acid  dyes  cannot  effectively  be  used  supravitally  in  this  way  to  show 
pre-existing  structures;  but  some  of  them  can  most  profitably  be  in¬ 
jected  into  living  animals,  certain  of  whose  cells  will  take  them  up  in  a 
characteristic  way^^.  The  dyes  which  are  useful  in  this  respect  are  chiefly 
acid  disazo  dyes,  the  molecules  of  which  are  so  large  that  the  solutions 
may  be  regarded  as  colloidal.  On  account  of  its  low  toxicity,  high  in¬ 
tensity  of  staining,  and  resistance  to  subsequent  treatment,  trypan  blue 
is  probably  the  best  of  these.  When  the  cells  have  had  time  to  take  up 
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the  dye,  the  animal  is  killed  and  the  tissue  cut  out.  The  cells  may  then 
in  certain  cases  be  examined  directly,  without  further  treatment,  but 
it  is  generally  convenient  to  preserve  the  tissues  in  an  ordinary  fixative 
and  cut  paraffin  sections,  which  may  be  further  stained  if  it  is  desired. 
The  resistance  of  the  dye  to  extraction  by  the  solutions  in  which  the 
tissue  is  subsequently  soaked  and  in  which  it  is  perfectly  soluble  is  very 
surprising,  and  must  be  attributed  to  the  particular  physical  form  in 
which  the  enclosing  proteins  are  precipitated  by  the  fixative.  Of  the 
dyes  other  than  disazo  compounds  which  may  be  used  intravitally  in 
this  way,  isamine  blue  is  the  most  noteworthy.  This  acid  dye  belongs 
to  the  triphenylmethane  series,  and  once  again  has  a  very  large  molecule. 

The  cells  of  the  reticulo -endothelial  system  have  a  strong  tendency  to 
take  up  and  retain  the  large  molecules  of  these  vital  dyes,  while  failing 
to  absorb  or  retain,  as  the  case  may  be,  both  basic  dyes  and  such  acid 
ones  as  have  small  (or  extremely  large)  molecules.  These  cells  are  phago¬ 
cytic,  and  the  taking-up  and  retention  of  the  vital  dyes  may  be  regarded 
as  a  process  in  which  they  are  actively  concerned;  further,  the  vacuoles 
in  which  the  dyes  are  seen  to  accumulate  may  be  considered  as  sui  generis 
and  not  corresponding  to  any  cell  element  of  general  occurrence.  It  is 
otherwise  with  the  cells  of  the  convoluted  tubules  of  the  vertebrate  . 
kidney,  and  here  a  question  of  major  interest  is  whether  the  vacuoles 
which  the  dye  reveals  are  to  be  regarded  as  having  any  relation  with  the 
vacuolar  component  of  the  Golgi  element. 

The  fatal  facility  of  the  microtome  has  made  investigators  nearly 
always  study  cells  in  sections  if  it  is  decided  to  study  them  dead.  Cyto- 
logists  will  often  describe  in  minutest  detail  the  shape  of  every  structure 
contained  within  a  cell,  while  leaving  the  shape  of  the  cell  itself  un¬ 
mentioned  or  represented  by  drawings  that  give  no  adequate  concept. 

It  was  not  always  so.  Before  the  days  of  microtomy,  histologists  were 
expert  at  the  separation  of  cells  by  maceration.  In  all  probability  few 
present-day  cytologists  have  tried  iodized  amniotic  fluid  as  a  macerating 
agent,  but  in  the  writer’s  experience  this  76-year-old  method®^  is  a  useful 
one.  Ranvier’s  remarks'*®  on  the  techniques  of  maceration  and  mechani¬ 
cal  dissociation,  written  in  1875,  are  well  worth  study.  The  early  histo¬ 
logists  could  not  only  demonstrate  relatively  gross  structure  (such  as 
the  course  of  the  vertebrate  uriniferous  tubules)  in  a  way  that  would 
be  startling  in  its  demonstrativeness  to  the  section-minded  student  of 
to-day,  but  also  knew  much  of  intimate  cell  structure  that  passes  un¬ 
noticed  when  the  cell  has  been  through  the  mill  of  present-day  cyto- 
logical  technique.  It  is  interesting  and  instructive  to  turn  over  the  pages 
of  Beale  s  How  to  work  with  the  Microscope^  and  to  marvel  at  how  much 
was  known  before  the  invention  of  rocking  and  rotating  microtomes. 
What  is  particularly  wanted  at  the  present  day  is  a  macerating  fluid  that 
will  preserve  the  mitochondria  and  Golgi  element  in  a  lifelike  form. 
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b.  Fixation 

Nowhere  in  cytological  technique  has  empiricism  run  riot  so  freely  as 
in  the  invention  of  fixative  mixtures.  Substances  that  will  obviously 
react  together  are  mixed  haphazard  (as  e.g.  when  chromic  acid  is  added 
to  Bouin’s  fluid^)  and  no  one  can  say  to  what  extent  the  tissues  are 
affected  by  the  original  constituents  and  to  what  extent  by  the  products 
of  their  reaction.  Even  when  no  such  extra  complication  exists,  the 
chemistry  and  physics  of  fixation  are  excessively  difficult.  The  speed  at 
which  each  constituent  penetrates,  the  way  in  which  each  acts  singly 
upon  each  of  the  different  substances  present  in  the  cells,  how  one 
constituent  affects  the  other  two  as  regards  degree  of  dissociation  and 
chemical  action,  these  are  some  of  the  problems  that  await  solution  even 
when  so  simple  and  rational  a  fixative  as  Bouin’s  is  employed. 

The  histologist  calls  a  fixative  ‘good’  when  the  tissues  are  evenly  and 
sUghtly  shrunken  and  the  nuclei  stand  out  sharply  in  the  stained  section, 
but  the  sharpness  of  the  precipitated  chromatin  is  no  evidence  of  life¬ 
like  preservation,  and  the  only  evidence  of  what  is  good  or  bad  is  com¬ 
parison  with  the  living  cell.  This  point  cannot  be  too  strongly  stressed: 
subjective  ideas  of  what  final  result  is  good  and  what  bad  should  never 
be  allowed  to  form  in  the  mind  except  on  the  sohd  ground  of  comparison 
with  what  is  visible  in  the  cell  while  still  unaffected  by  reagents.  Fry^^ 
has  insisted  that  one  should  not  choose  for  careful  study  what  one  thinks 
to  be  the  ‘best-fixed’  cells  in  a  preparation,  but  should  pay  equal  atten¬ 
tion  to  a  number  of  cells  chosen  at  random.  The  best  plan  is  to  observe 
the  action  of  fixatives  on  cells  of  which  the  structure  is  known  from  vital 
observations.  It  is  reasonable  to  put  some  general  reliance  on  fixatives 
that  are  known  to  give  lifelike  appearances  in  these  cases. 

From  the  welter  of  different  fixative  mixtures  it  is  difficult  to  extract 
any  clear  principles  for  the  understanding  of  why  one  gives  a  lifelike 
preservation  while  another  does  not.  One  fact  may,  however,  be  pointed 
out:  most  reliable  fixatives  contain  one  or  more  substances  which  preci¬ 
pitate  the  proteins  of  the  cytoplasm,  and  one  or  more  which  render  those 
proteins  insoluble  without  precipitating  them.  This  apphes  to  fluids  so 
valuable  to  the  cytologist  as  Flemming’s,  Sanfehce’s,  Helly’s,  Mann’s, 
and  Bouin’s.  The  non -precipitant  fixatives  in  these  mixtures  are 
osmium  tetroxide,  unacidified  potassium  dichromate,  or  formaldehyde. 
One  might  fancy  that  non-precipitant  fixatives  used  alone  would  give 
the  best  results,  since  precipitation  causes  the  formation  of  artificial 
structures;  but  in  practice  it  is  found  that  precipitated  proteins  are  more 
easily  penetrated  by  the  substances  used  in  subsequent  treatment,  parti¬ 
cularly  paraffin,  and  more  easily  stained.  Thus  Altmann’s  fluid  (osmium 
tetroxide  and  potassium  dichromate),  excellent  in  its  way,  gives  an  in¬ 
conveniently  crumbly  consistency  to  tissues,  and  Regaud’s  (formalde- 
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hyde  and  potassium  dichromate)  fails  badly  with  certain  tissues  (e.g. 
the  spermatogenetic  tissues  of  many  animals).  The  omission  of  the  non- 
precipitant  fixatives,  however,  as  in  Zenker’s  fluid,  results  in  precipita¬ 
tion  of  the  cytoplasm  in  a  meshwork  whose  coarseness  causes  artificial 
appearances  which  are  serious  for  the  cytologist,  though  not  necessarily 
for  the  histologist.  (It  will  be  recollected  that  the  potassium  dichromate 
in  Zenker’s  fluid,  being  in  an  acid  medium,  is  a  precipitant  fixative®®.) 

Fixatives  containing  no  protein  precipitant  are  particularly  suitable 
when  the  freezing  microtome  is  going  to  be  used,  because  there  is  then 
no  need  to  make  spaces  for  an  embedding  medium. 

The  mixing  of  formaldehyde  with  oxidizers  may  perhaps  be  excused 
on  the  practical  ground  that  it  is  done  in  some  very  good  fixatives, 
notably  in  Helly’s  fluid  and  those  Flemming  variants  in  which  formalde¬ 
hyde  is  substituted  for  osmium  tetroxide.  The  writer’s  fortune  in  having 
seen  some  of  Prof.  M.  J.  D.  White’s  beautiful  chromosome  preparations 
made  with  Sanfelice’s  fluid  almost  reconciles  him  to  the  use  of  unstable 
mixtures.  The  reaction  of  potassium  dichromate  or  chromic  acid  with 
formaldehyde  is  rather  a  slow  one,  and  it  may  be  argued  in  favour  of 
such  mixtures  that  for  a  considerable  time  a  part  of  the  oxidizer  and 
a  part  of  the  reducer  are  present  and  exerting  their  effects  on  the  cells 
concurrently,  the  reaction  products  being  of  no  consequence.  This  may 
be  so,  but  it  would  be  worth  someone’s  while  to  And  out  just  what  the 
reaction  products  are  in  the  case  of  a  few  valuable  unstable  fixatives 
(e.g.  Sanfelice’s®®),  and  what  effects,  if  any,  they  have  on  cells.  Helly 
seems  to  have  had  a  feeling  that  the  effects  of  the  reaction  products 
might  be  damaging,  for  he  recommends  that  if  fixation  lasts  for  more 
than  6  hours  the  tissue  should  be  removed  from  his  unstable  mixture 
and  transferred  to  a  fluid  containing  the  other  constituents  but  not  the 
formaldehyde. 

Until  the  effects  of  the  reaction  products  have  been  investigated,  one 
cannot  help  being  harassed  by  such  thoughts  as  these.  If  it  is  desirable 
that  the  dichromate  or  chromic  acid  should  oxidize  something  in  the 
cells,  why  is  formaldehyde  added,  which  will  interfere  with  the  oxida¬ 
tion,  and  vice  versa,  if  reduction  by  formaldehyde  is  desirable,  why  add 
dichromate  or  chromic  acid?  Or  is  one  seeking  only  those  effects  of 
these  substances  that  involve  neither  oxidation  nor  reduction?  The 
truth  is  that  when  one  uses  these  unstable  mixtures  one  knows  even  less 

about  what  one  is  doing  than  when  a  stable  mixture  is  used  (which  is 
saying  a  good  deal). 

The  question  whether  salts  devoid  of  fixing  properties  should  be  added 
to  fixatives  to  prevent  changes  due  to  osmotic  pressure  is  still  obseure. 
For  some  unexplained  reason  formaldehyde  has  long  been  the  fixative 
to  which  it  IS  deemed  especially  desirable  to  add  sodium  chloride  for 
this  purpose,  though  it  is  many  years  since  Meves^®  treated  chromic  acid 
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and  mixtures  made  with  it  in  the  same  way.  It  has  been  shown^  that 
many  fixing  mixtures  are  hypertonic,  some  enormously  so,  and  it  is  not 
immediately  obvious  how  the  addition  of  sodium  chloride  or  other  salts 
to  them  could  prevent  osmotic  changes  in  the  cells.  However,  Carleton^^ 
and  Young^®  have  found  that  with  certain  fixatives  and  certain  tissues 
there  is  a  demonstrable  advantage  in  adding  an  indifferent  salt.  In  the 
absence  of  the  added  salt  the  cells  are  shrunken.  Young  supposes  that 
when  a  piece  of  tissue  is  placed  in  a  fixative  solution  the  ingredients  of 
which  are  slow  in  diffusion  and  to  which  no  indifferent  salts  are  added, 
there  is  a  loss  of  ions  from  the  intercellular  fluids  in  the  unfixed  centre 
of  the  piece,  and  hence  an  osmotic  swelling  of  the  cells  in  the  vicinity. 
He  supposes  this  swelhng  to  go  so  far  as  to  result  in  bursting,  and  he 
thinks  that  later  the  fixative  molecules  arrive  and  act  upon  the  already 
— and  then  shrunken — cells.  The  last  word  does  not  appear  to 
have  been  said  on  this  subject.  The  addition  of  indifferent  salts  appears 
to  be  unnecessary  when  the  fixative  contains  a  considerable  amount 
of  acetic  acid.  When  this  is  not  so,  it  is  probably  a  good  general  rule 
to  add  sufficient  sodium  chloride  (or  other  suitable  salt)  to  make  the 
osmotic  pressure,  apart  from  that  of  the  fixative  constituents,  slightly 
less  than  the  osmotic  pressure  of  the  body  fluids  of  the  animal  con¬ 
cerned. 

Despite  the  invention  of  some  useful  fixatives  in  recent  years,  it 
remains  true  that  to  the  present  day  one  of  the  most  valuable  is  Flem¬ 
ming’s  fluid  (strong  formula),  first  pubhshed  in  1884^®,  which  is  still 
among  the  best  both  in  the  intricacies  of  modern  chromosome  studies 
and  for  the  demonstration  of  mitochondria.  For  the  latter  purpose  the 
acetic  acid  is  reduced  below  5  per  cent.,  and  it  is  to  be  remembered  that 
Flemming  himself  suggested  that  figure  as  the  maximum  to  which  the 
acetic  acid  should  rise,  and  not  the  standard  figure  for  all  purposes. 

The  whole  subject  of  the  chemistry  and  physics  of  fixation  has  re¬ 
cently  been  treated  in  considerable  detail®. 

c.  Embedding 

It  is  doubtful  whether  cytologists  have  made  sufficient  use  of  the 
freezing  microtome,  which  has  tended  to  be  a  tool  rather  of  the  histo¬ 
logist  and  pathologist.  Cells  are  generall}’^  more  hfehke  in  frozen  than 
in  paraffin  or  celloidin  sections.  In  the  freezing  technique  either  no 
embedding  at  all  or  mere  inclusion  in  gelatine  is  required.  W  hen  once 
it  is  familiar  the  technique  becomes  remarkably  quick  and  easy. 

When  embedding  in  paraffin,  it  is  desirable  to  pass  from  absolute 
alcohol  to  a  mixture  of  equal  volumes  of  absolute  alcohol  and  toluene 
(or  other  dealcoholizing  agent).  It  is  probable  that  no  advantage  is 
gained — at  any  rate  with  the  small  pieces  of  tissue  that  are  used  in 
cytology — by  passing  from  toluene  to  a  solution  of  paraffin  in  toluene. 
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Certainly  there  is  no  advantage  in  passing  from  a  wax  of  lov/  melting 
point  to  one  of  higher:  the  wax  used  in  each  bath  should  be  the  same. 

For  a  reason  which  is  not  apparent,  the  embedding  of  tissues  in  paraffin 
wax  affects  the  capacity  to  take  up  dyes.  A  piece  of  tissue  that  will  accept 
carmine  readily  in  bulk  may  resist  the  same  dye  when  cut  into  paraffin 
sections.  Celloidin  embedding  does  not  appear  to  have  the  same  effect. 

It  has  often  been  assumed  that  while  tissues  are  embedded  in  paraffin, 
they  are  impermeable  to  water,  but  this  is  far  from  being  true.  Material 
fixed  in  picric  acid  often  gives  a  yellow  colour  to  the  warm  water  used 
for  flattening  the  sections,  and  conversely  it  is  possible,  asWalsem^®  and 
others  (e.g.^^)  have  shown,  to  stain  sections  with  aqueous  solutions  with¬ 
out  removing  the  wax.  The  method  has  been  used  in  certain  cases  in 
which  treatment  with  alcohol  impairs  the  action  of  the  dye,  as  in  the 
metachromatic  staining  of  mucin.  Paraffin  blocks  are  sometimes  soaked 
in  water  to  make  subsequent  cutting  easier,  and  it  has  been  thought 
that  the  effect  of  the  water  is  simply  to  cool  the  wax.  This  is  not  so, 
for  the  method  does  not  work  unless  the  tissue  is  first  exposed  at  the 
surface  of  the  block.  Water  by  itself,  however,  is  not  the  most  desirable 
fluid  in  which  to  soak  paraffin-embedded  tissues  to  soften  them,  and  a 
special  aqueous  reagent  has  been  designed  for  the  purpose®,  which  pene¬ 
trates  paraffin-embedded  tissues  more  readily  than  water  and  softens 
them  better.  The  British  Drug  Houses  Ltd.  are  marketing  a  reagent 
of  this  kind. 

Cytologists  usually  prefer  to  embed  in  paraffin,  but  celloidin  some¬ 
times  offers  advantages.  Very  thin  sections  are  not  obtainable,  but  the 
smaller  amount  of  shrinkage  to  some  extent  compensates  for  this;  for 
the  more  the  cells  shrink,  the  thinner  must  be  the  sections  if  one  is  to 
avoid  the  occlusion  of  one  cell  by  another.  When  serial  sections  are  not 
necessary— and  often  in  cytology  they  are  not— celloidin  work  takes  up 
little  if  any  more  of  one’s  time  than  paraffin,  though  the  final  slide  is 
not  obtained  so  soon.  The  spaces  between  cells  are  probably  more  faith¬ 
fully  preserved  than  when  paraffin  is  used,  and  also  it  is  useful  to  have 
a  control  against  the  production  of  artificial  appearances  bv  the  hot 
paraffin. 


d.  Staining 

In  staining,  as  in  other  branches  of  technique,  practice  often  long 
precedes  theory.  When  it  became  known  that  compounds  between 
methylene  blue  and  eosm  presented  great  advantages  in  the  staining  of 
blood.  It  was  found  that  the  nuclei  of  parasitic  Protozoa  in  such  prepara¬ 
tions  were  stained  reddish  and  not  in  the  same  purple  colour  as  the  leuco¬ 
cyte  nuclei.  Since  the  cytoplasm  of  the  parasites  was  stained  blue,  they 
showed  up  very  distinctly  in  blood  preparations.  The  complications 
behmd  these  staining  reactions  are  enormous.  The  methylene  blue 


8 


CYTOLOGICAL  TECHNIQUES 


and  its  derivatives  are  present  in  the  blood-stains  partly  as  pure  sub¬ 
stances  and  partly  in  combination  with  eosin.  Giemsa  showed  that 
methylene  blue  and  eosin  alone  did  not  account  for  the  red  staining  of 
the  Protozoan  nucleus,  and  that  it  depended  on  the  appearance  in  the 
dye  of  a  new  substance,  not  added  as  such,  namely,  methylene  azure, 
which  has  one  or  two  of  the  methyl  groups  of  methylene  blue  replaced 
by  hydrogen.  He  produced  the  justly  celebrated  stain  which  bears  his 
name^^  by  using  a  definite  quantity  of  methylene  azure  as  well  as 
methylene  blue.  It  was  left  to  MacNeil  to  show  that  even  methylene 
azure  is  not  the  direct  cause  of  the  desirable  red  staining  of  the  Proto¬ 
zoan  nucleus.  Of  the  two  azures,  the  one  with  two  methyl  groups 
(asymmetric  dimethyl  thionine)  instead  of  the  four  in  methylene  blue, 
seems  to  be  the  more  significant  in  this  respect.  MacNeil  showed®®  that 
the  azure  acts  by  transformation  to  yet  another  substance,  namely,  the 
methylene  violet  of  Bernthsen.  He  therefore  included  Bernthsen’s  violet 
in  his  well-known  tetra-chrome  stain.  The  complications,  however,  do 
not  end  here,  for  neither  asymmetric  dimethyl  thionine  nor  its  deriva¬ 
tive,  Bernthsen’s  violet,  alone  stains  Protozoan  nuclei  reddish:  a  mor¬ 
dant  is  required.  Now  resorcinol  and  a  few  other  substances  will  act 
as  mordants  for  this  particular  staining  reaction,  and  one  of  the  other 
substances  is  eosin,  itself  a  resorcinol  derivative.  Thus  the  eosin  of 
methylene-blue-eosin  blood-stains  is  in  this  respect  acting  as  a  mordant 
and  not  a  dye®'*.  As  a  last  comphcation,  the  granules  of  mast  cells  are 
stained  a  reddish  colour  metachromatically  by  the  methylene  blue 
derivatives,  without  the  intervention  of  a  mordant*®. 

These  scarcely  credible  comphcations  cannot  have  been  dreamt  of  by 
Romanowsky*®  when  first  he  put  methylene  blue  and  eosin  together  in 
equimolecular  proportions  and  noticed  the  reddish  coloration  given  to 
the  nucleus  of  the  malarial  parasite,  never  till  then  differentially  stained. 
In  1901  Leishman  produced  his  simple  but  excellent  stain®®,  in  which 
the  valuable  methylene  blue  derivatives  were  produced  by  the  action 
of  sodium  carbonate  on  the  parent  dye.  To-day  the  proportions  of  the 
derivatives  are  generally  carefuUy  controlled  in  blood-stains,  but  Leish- 
man’s  product  still  finds  a  place  in  modern  technique. 

The  fact  that  acidity  favours  the  action  of  acid  dyes  and  alkalinity 
that  of  basic  ones  has  fostered  the  idea  that  stains  should  be  dissolved 
in  buffered  solutions  at  definite  pH.  Levine’s  careful  work®®  has  shown 
that  pH  is  not  the  only  factor  that  matters:  different  buffer  solutions 
at  the  same  pH,  and  the  same  buffer  solution  at  the  same  pH  but 
different  concentrations,  have  different  effects  on  the  intensity  of  stain¬ 
ing.  It  does  not  seem  important  generally  to  control  the  pH  of  staining 
solutions  at  all  carefully,  except  perhaps  the  methylene-blue-eosin  blood¬ 
stains. 

For  the  study  of  chromosomes  no  dye  is  more  used  to-day  than  crystal 
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violet.  (It  is  probably  always  better  to  use  crystal  violet  than  that  un¬ 
certain  mixture  of  violet  dyes  to  which  the  name  gentian  is  applied.) 
The  method  is  essentiaUy  that  introduced  into  bacteriological  technique 
by  Gram.  This  depends  upon  the  fact  that  certain  basic  dyes  react  in 
a  special  way  with  iodine.  While  rosaniline  and  related  dyes  do  not 
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react  with  iodine,  pararosanihne  and  other  triphenylmethane  dyes  re- 
sembhng  it  in  lacking  the  methyl  group  (e.g.  crystal,  gentian,  and  methyl 
violets)  appear  to  be  capable  of  forming  compounds  which  may  be  called 
iodo-pararosanihnes^^.  These  substances  have  a  blue-black  colour,  dif¬ 
ferent  from  the  violet  of  the  untreated  dyes.  In  Gram’s  method  and  its 
derivatives,  the  tissue  is  first  stained  in  the  violet  dye  and  then  treated 
with  iodine-iodide  solution.  Certain  objects,  such  as  Gram-positive  bac¬ 
teria  and  chromatin,  retard  the  extraction  of  the  iodo -pararosaniline 
compound  by  alcohol  and  other  solvents;  others  let  it  go  freely.  Differen¬ 
tiation  in  alcohol  or  in  alcohol  followed  by  clove  oil  produces  the  desired 
result. 

Hermann  in  1889^®  took  this  method  from  bacteriological  technique 
and  used  it  for  staining  chromatin  in  amphibian  and  mammalian  sper¬ 
matogenesis.  He  used  an  aqueous  iodine-iodide  solution,  as  did  Gram. 
The  modern  technique,  which  has  proved  so  valuable  to  those  working 
on  chromosomes,  was  introduced  by  Newton^i,  and  further  particulars 
have  been  given  by  Huskins^o  and  La  Courts.  The  great  advantages  of 
the  technique  are  the  glassy  transparency  of 'the  cytoplasm  and  the 
even  action  of  the  dye  over  the  whole  depth  of  the  section,  even  when  it 
is  as  much  as  40  fi  thick.  The  finest  details  of  chromosome  structure  are 
revealed.  The  rather  inexplicable  part  of  the  technique  is  the  use  of  an 
alcohohc  iodine  solution  and  the  use  of  potassium  iodide  in  it.  With 
aqueous  solutions  the  iodide  is  necessary  to  dissolve  the  iodine,  but  the 
latter  is  readily  soluble  in  80  per  cent,  alcohol.  Just  what  happens  in  the 
very  short  alcohohc  iodine  bath  is  obscure.  The  alcohol  must  be  tending 
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to  extract  the  dye  as  such,  while  at  the  same  time  the  iodine  must  be 
tending  to  convert  it  into  the  less  readily  removed  iodo-pararosaniline 
derivative.  Whatever  actually  occurs,  nothing  remains  that  shows  much 
further  resistance  to  alcohol,  for  only  a  few  seconds  must  be  allowed  in 
absolute  alcohol  before  the  more  leisurely  differentiating  action  of  clove 
oil  is  brought  to  bear. 

Many  valuable  dyes  are  very  rapidly  removed  by  alcohol,  and  it  seems 
worth  while  to  bring  to  the  attention  of  cytologists  an  old  but  apparently 
almost  forgotten  method  of  circumventing  this  difficulty,  much  used  by 
Unna  and  by  Pappenheim^^.  The  stained  sUde  is  dried  by  blotting  and 
taken  straight  into  a  mixture  of  alcohol  (or  alcohol  and  acetone  in  equal 
parts)  with  3  times  its  volume  of  xylene.  During  5  or  10  minutes  the 
alcohol  completes  the  dehydration,  while  the  xylene  greatly  reduces  the 
speed  at  which  the  dye  is  extracted. 


e.  Mounting 

Glycerine  jelly  has  long  been  popular  for  the  mounting  of  frozen 
sections,  but  the  writer  strongly  recommends  Farrants’s  medium,  wffiich 
is  particularly  easy  to  use.  It  is  sometimes  suitable  for  paraffin  sections 
as  well.  It  consists®  of  picked  gum-arabic,  distilled  water,  and  glycerine 
in  the  proportions  of  2  gm.  to2c.c.  tolc.c.  A  piece  of  camphor  should 
be  added.  (See  also  Kent®^.) 

New  synthetic  mounting  media  are  now  available,  some  of  which  may 
possibly  be  found  superior  even  to  Canada  balsam,  the  virtues  of  which 
had  seemed  to  place  it  almost  beyond  competition  except  for  special 
purposes.  Certain  cycloparaffins  are  now  available  which  have  the 
necessary  properties  of  ready  adhesion  to  glass  on  evaporation  of  the 
solvent,  transparency,  lack  of  colour,  neutrality,  inertness,  permanence, 
and  refractive  index  (though  it  would  not  appear  that  their  optical  dis¬ 
persion  has  been  much  studied).  Groat^^  has  found  that  for  the  cyclo¬ 
paraffin  ‘nevillite  V’,  also  known  as  ‘clarite’,  the  most  suitable  solvent 
is  toluene.  A  solution  at  60  per  cent,  gives  a  convenient  cpnsistency,  and 
the  material  is  used  exactly  as  though  it  were  a  solution  of  balsam  in 
xylene.  The  refractive  index  at  the  D-Une  only  differs  by  0-009  from 
that  of  balsam,  and  the  neutrality  and  absence  of  colouring  with  age 
are  definite  advantages.  It  remains  to  be  seen  whether  experience  will 
expose  any  defect  in  this  promising  medium. 

The  styrene  derivative  ‘distrene  80’  has  been  recommended  by  Kirk¬ 
patrick  and  Lendrum®^,  who  have  studied  the  suitability  as  mounting 
media  of  a  number  of  natural  resins  and  synthetic  substitutes.  Styrene 
itself. 
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is  a  liquid  which  may  be  obtained  from  the  plant  product  storax  or 
synthesized  in  the  laboratory.  It  polymerizes  on  heating  to  a  glassy 
substance.  The  exact  chemical  nature  of  distrene  80  does  not  appear 
to  have  been  disclosed  by  the  manufacturers  (Messrs.  Honey  will  and 
Stein  Ltd.),  but  it  is  stated  to  have  the  enormous  molecular  weight  of 
about  80,000.  It  is  readily  soluble  in  xylene  and  the  solution  is  colour¬ 
less.  A  simple  solution  is  not  desirable,  however,  on  account  of  the  ten¬ 
dency  for  the  medium  gradually  to  shrink  back  under  the  cover-slip. 
A  plasticizer,  tricresylphosphate  (a  colourless  Uquid,  or  solid  if  perfectly 
pure),  serves  to  prevent,  or  at  least  reduce,  the  tendency  of  distrene  80 
to  retract  under  the  cover-slip  of  microscopical  preparations.  Kirk¬ 
patrick  and  Lendrum  have  shown  that  their  plasticized  distrene  does 
not  tend  to  change  in  pH  on  keeping,  and  the  writer  confirms  their 
finding  that  even  the  blood  dyes,  which  are  very  sensitive  to  changes  in 
pH,  retain  their  colours  when  this  medium  is  used. 

/.  Demonstration  of  Mitochondria  and  the  Golgi  Apparatus 

Whenever  possible,  mitochondria  should  be  examined  in  living  cells, 
where  they  can  usually  be  seen  with  the  ordinary  microscope  without 
staining.  Phase-contrast  microscopy  makes  them  particularly  evident. 
When  they  are  to  be  vitally  stained,  a  reliable  specimen  of  Janus  green 
must  be  obtained.  It  is  desirable  to  have  a  standard  test-object  (such 
as  the  primary  spermatocyte  of  the  snail)  on  which  to  test  any  new 
specimen  of  the  dye.  Janus  black  sometimes  gives  good  results  when 
the  green  does  not. 

When  mitochondria  are  studied  in  sections,  some  variant  of  Altmann’s 
technique  is  generally  used:  that  is  to  say,  they  are  stained  by  a  hot 
concentrated  solution  of  acid  fuchsine  in  anihne  w’ater.  Several  w^ays 
of  differentiating  this  dye  have  been  proposed;  most  of  these  are  difficult 
to  carry  out.  The  simplest  method  is  that  of  Caini^,  who  uses  a  very 
weak  solution  of  sodium  carbonate.  (The  advantage  of  using  a  colourless 
differentiator  is  considerable.)  Cain  then  stains  the  nuclei  with  water- 
soluble  methyl  blue,  an  acid  dye  having  considerable  affinity  for  chro¬ 
matin.  A  great  advantage  of  this  method  is  the  fact  that'  there  is  no 
hurry  at  any  stage,  and  the  results  are  excellent.  It  is  doubtful  whether 
trichrome  methods  have  any  real  advantage  over  this,  and  they  are 
much  more  difficult  to  carry  out  successfully. 

The  time  has  now  gone  by  when  it  was  profitable  simply  to  apply  the 
standard  ‘  Golgi  methods’  and  record  the  results.  The  study  of  the  Golgi 
element  has  now  reached  a  turning-point.  Da  Fano^o  himself  admitted 
that  his  well-known  method  sometimes  darkens  the  mitochondria. 
Thomas’s  recent  studies^^.ss  j^ake  it  probable  that  the  black  objects 
seen  after  the  famihar  techniques  are  in  some  places  spheroids  (the 
neutral  red  vacuoles  of  ParaH^,  with  their  lipoidal  sheaths^),  in  other 
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places  mitochondria,  and  in  others  again  merely  artificial  deposits  of 
reduced  osmium  or  silver,  not  representing  anything  present  during  life. 
The  name  ‘Golgi  apparatus’  is  thus  equivocal.  In  many  cases,  however, 
the  mitochondria  are  not  blackened  and  the  reduced  osmium  or  silver 
is  confined  to  a  definite  part  of  the  cell.  When  this  part  is  examined 
during  life,  it  is  found  to  contain  either  spheroids  or  small  particles  of 
material  resembling  in  its  reactions  the  lipoidal  sheaths  of  spheroids. 
These,  then,  seem  to  be  the  objects  to  which  the  name  ‘Golgi  apparatus’ 
should  refer,  if  it  is  found  desirable  to  retain  this  terminology. 

No  one  should  undertake  research  in  this  field  without  first  studying 
the  papers  of  Worley  and  Worley®'^  and  of  Thomas®^’^^,  who  have  de¬ 
veloped  original  methods  of  attack.  The  present  writer  has  also  intro¬ 
duced  some  new  techniques^.  Using  methylene  blue  as  a  vital  stain,  the 
Worleys  have  been  able  to  watch  the  Golgi  apparatus  actually  perform¬ 
ing  its  synthetic  functions  in  the  living  cells  of  embryonic  and  larval 
molluscs.  Thomas  has  studied  living  neurones  of  Helix  and  mammals 
and  devised  methods  of  retaining  the  Golgi  apparatus  in  its  natural 
form  in  fixed  preparations.  He  has  also  studied  steps  in  the  production 
of  the  famihar  artefacts. 

Cytologists  have  been  misled  by  the  current  idea  that  the  Golgi 
element  is  invisible  during  life.  It  is,  on  the  contrary,  often  one  of  the 
most  visible  objects  in  the  Uving  cell,  easily  seen  without  any  staining 
or  other  treatment  whatever.  Difficulty  arises  simply  from  the  fact  that 
people  are  looking  for  something  resembling  the  osmium  or  silver  arte¬ 
fact,  and  they  find  nothing  of  the  sort — because  it  is  not  there. 

iii.  Methods  Revealing  Chemical  Composition 
a.  Introduction 

If  sections  of  tissues  are  stained  lightly  with  xylidine  red,  treated  with 
phosphomolybdic  acid,  and  then  placed  in  a  solution  of  light  green,  the 
latter  dye  will  soon  begin  to  colour  the  white  fibres  of  connective  tissue. 
Parts  of  the  section  can  be  recognized  by  morphological  characters  to 
consist  of  connective  tissue,  and  one  can  easily  arrange  to  stop  staining 
when  these  are  bright  green  while  the  background  is  pink  or  red.  This 
method  is  very  valuable  in  studies  of  the  morphological  distribution  of 
white  connective  tissue  fibres.  It  has  been  chosen  as  a  typical  example 
of  a  colour-reaction  that  does  not  constitute  a  histochemical  test.  One 
decides  on  purely  morphological  grounds  when  to  stop  staining  with 
fight  green;  if  the  dye  were  allowed  to  act  for  a  longer  period,  every¬ 
thing  in  the  section  would  eventually  give  the  green  reaction ;  and  if  one 
stops  staining  when  the  white  fibres  are  green  but  the  background  stiU 
pink,  mucin  will  also  be  green.  No  chemist  would  think  of  using  fight 
green  as  a  reagent  for  collagen.  The  fact  that  fight  green  has  an  affinity 
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for  white  fibres  is  of  course  dependent  on  the  chemical  composition  of 
the  fibres,  but  in  the  present  state  of  knowledge  the  dye  cannot  be  used 
in  chemical  identifications. 

Histochemistry  is  the  microscopical  stvdy  of  the  location  of  chemically- 
recognizable  substances  or  groups  of  substances  in  the  tissues  of  plants  and 
animals.  It  thus  includes  the  study  of  the  metabohc  changes  in  tissues, 
in  so  far  as  the  sites  of  these  changes  can  be  located  by  the  micro¬ 
scope;  but  dynamic  histochemistry  is  largely  a  subject  of  the  future. 
Cytochemistry  is  nearly  synonymous  with  histochemistry,  because 
histochemical  methods  seldom  give  uniform  reactions  throughout  the 
substance  of  a  cell  and  observations  are  therefore  necessarily  carried  out 
at  the  cytological  level.  The  study  of  the  chemical  composition  of  inter¬ 
cellular  matter,  however,  belongs  to  histochemistry  and  not  to  cyto¬ 
chemistry,  and  the  former  is  thus  the  larger  science,  which  includes 
the  latter.  Microchemistry  is  the  study  of  the  chemical  reactions  of 
very  small  quantities  of  materials,  not  necessarily  with  any  relation 
to  biology.  The  word  is  sometimes  used  loosely  as  a  synonym  for 
histochemistry. 


The  status  of  histochemistry  at  the  present  day  can  only  be  under¬ 
stood  by  a  history  of  the  science.  The  present  writer  has  elsewhere^ 
given  a  first  sketch  of  such  a  history.  The  founder  of  the  science  was 
Raspail,  who  began  in  1825  by  introducing  the  iodine  test  for  starch 
into  microscopy^’,  and  thereafter  devised  many  valuable  histochemical 
methods.  The  early  minute  anatomists  from  Raspail’s  time  onwards 
were  histochemists  as  a  matter  of  course.  Henle,  for  instance,  quite 
naturally  devotes  a  considerable  part  of  his  Allgemeine  Anatomie  (1841)28 
to  observations  on  chemical  composition.  The  science  of  histochemistry 
was  struck  a  severe  blow,  however,  by  the  repeated  rediscovery  during 
the  years  1848-58  of  the  use  of  dyes  in  microscopical  technique.  Dyes 
gave  a  huge  impetus  to  purely  morphological  studies,  and  the  great 
majority  of  microscopists  in  the  second  half  of  the  nineteenth  and  the 
beginning  of  the  twentieth  century  were  morphologists  who  lacked  a 
chemical  outlook.  It  was  found  easy  to  stain  one  tissue -constituent  in 
this  colour  and  another  in  that,  and  people  without  chemical  knowledge 
began  to  build  up  a  sort  of  parachemistry  of  the  tissues— an  array  of 
weird  names  not  related  in  any  way  to  the  general  body  of  chemistry 
Itself.  Substances  were  labelled  pyrenine,  hnin,  plastin,  &c.,  without  any 
serious  attempt  being  made  to  identify  the  substances  so  named  in  terms 

o  rea  c  emistry.  When  a  new  cell-inclusion  turned  up,  which  stained 

m  one  of  the  characteristic  ways,  it  was  labeUed  with  the  corresponding 

name  and  no  one  took  any  trouble  to  find  out  what  was  its  actual 
chemical  composition. 

This  outlook  is  not  dead  to-day,  but  a  change  in  the  right  direction 
has  occurred.  The  true  spirit  of  histochemistry  was  never  completely 
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extinguished  by  the  dyers,  and  good  work  continued  to  be  done, 
especially  in  the  botanical  field.  In  1910  Prenant,  in  a  valuable  paper^^, 
collected  together  the  real  knowledge  of  the  subject  available  in  his 
day.  The  turning-point  came,  however,  with  the  pubhcation  of  Lison’s 
Histochimie  animale  in  1936^’.  A  standard  of  chemical  validity  was  set 
by  this  work  which  raised  the  science  to  a  new  plane.  The  influence 
was  of  course  felt  particularly  in  the  field  of  animal  histology  and  cyto- 
logy,  partly  because  the  book  was  addressed  primarily  to  workers  on 
animal  tissues  and  partly  because  botanists  had  throughout  maintained 
much  higher  standards  in  this  subject. 

6.  A  Proposed  Classification  of  Histochemical  Methods 

The  time  seems  appropriate  for  the  development  of  a  logical  classi¬ 
fication  of  histochemical  methods,  and  this  will  be  attempted  here.  In 
the  past,  wTiters  have  been  content  to  group  the  available  methods 
together  in  an  arbitrary  way  that  could  not  form  the  basis  of  a  logical 
classification.  Histochemists  should  carefully  consider  what  is  supposed 
to  be  the  source  of  the  validity  of  every  test  they  use;  and  the  writer 
beheves  that  clear  thought  on  this  subject  demands  a  rational  grouping 
of  methods. 

If  a  general  review  be  made  of  histochemical  methods  as  a  whole,  it 
will  be  found  that  they  faU  naturally  into  three  groups.  In  the  first,  the 
object  under  investigation  reveals  its  chemical  composition  while  re¬ 
maining  in  the  tissues  (e.g.  by  a  colour-reaction).  These  are  the  'non- 
destructive  in  situ  methods'.  In  the  second  group  the  object  reveals  its 
composition  by  being  destroyed  in  situ  (e.g.  by  being  dissolved  by  a 
specific  enzyme).  These  are  the  ^destructive  in  situ  methods’.  In  the  third 
group  the  object  is  separated  from  the  tissues  (e.g.  by  centrifuging) 
before  analysis,  the  microscope  being  used  to  make  sure  that  the  object 
removed  is  the  same  as  that  previously  located  in  the  tissues.  These 
are  'extra  situm  methods’. 

The  first  two  groups  of  methods  are  subdivided  on  the  basis  of  those 
characters  possessed  by  the  object  under  investigation  that  reveal  its 
chemical  nature.  The  subdivision  of  the  third  group  cannot  logically 
proceed  on  this  basis,  because  the  fundamental  differences  between  one 
method  and  another  depend  on  the  methods  of  extraction  adopted. 
When  once  the  substance  has  been  extracted  and  microscopical  control 
has  shown  that  it  is  a  histologically-localized  tissue-constituent,  analysis 
may  proceed  according  to  the  standard  methods  of  analysis.  There 
would  obviously  be  no  point  in  classifying  these  methods  here.  The 
absorption  spectrum  may  be  examined,  or  ordinary  chemical  analysis 
used.  Since  the  amount  of  substance  obtained  is  usually  small,  micro¬ 
chemical  methods  find  application  here. 
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The  proposed,  classification  is  as  follows: 

I.  Non-Destructive  In  Situ  Methods;  analysis  is  effected  by 
determination  of  the  object’s: 

i.  Refractive  index. 

ii.  Optical  sign  (positive  or  negative)  in  polarized  fight,  and  degree  of 
birefringence. 

iii.  Number  and  inclination  of  optical  axes,  as  revealed  by  convergent 
polarized  fight  and  other  methods. 

iv.  Geometrical  crystallographic  properties. 

V.  Capacity  to  absorb  electro-magnetic  rays  of  certain  wave-lengths,  as 
shown  by 

A.  colour; 

B.  the  absorption  spectrum  produced  when  a  wide  range  of 
wave-lengths  is  used  simultaneously ; 

C.  the  absorption  of  rays  of  a  single  wave-length. 

vi.  Capacity  to  fluoresce  when  illuminated  by  ultra-violet  light  (‘primary 
fluorescence’). 

vii.  Resistance  to  solution. 

A.  without  previous  chemical  alteration : 

а.  by  ordinary  solvents ; 

б.  by  a  saturated  solution  of  the  suspected  substance ; 

c.  by  enzymes. 

B.  after  previous  chemical  alteration. 

viii.  Capacity  to  dissolve  certain  colouring  agents. 

ix.  Capacity  to  adsorb  certain  dyes  selectively. 

X.  Capacity  to  dissolve  or  adsorb  certain  substances  that  will  fluoresce  in 
particular  colours  when  illuminated  by  ultra-violet  light  (‘secondary 
fluorescence’). 

xi.  Capacity  to  interact  che^nically  with  reagents,  with  production  or 
change  of  colour. 

xii.  Resistance  to  micro-incineration. 

xni.  Reaction  as  an  enzyme  with  a  provided  substrate,  the  reaction  product 
being:  ^ 

A.  itself  coloured ; 

B.  capable  of  demonstration  by  colouring  agents. 

XIV.  Radioactive  properties  (after  administration  of  radioactive  iso¬ 
topes  to  the  organism). 


II.  Destructive  In  Situ  Methods  ; 
mination  of  the  object’s : 

i.  Melting -jyoint. 

ii.  Solubility: 

A.  in  solvents ; 

B.  by  enzymes. 


analysis  is  effected  by  deter- 
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iii.  Emission  spectrum. 

iv.  Capacity  to  give  rise  to  recognizable  crysUils  when  treated  in  particular 
ways. 

III.  Extra  Situm  Methods;  separation  is  effected  by: 

i.  Direct  mechanical  means  (e.g.  teasing) ; 

ii.  Solution  (especially  applicable  to  pigments) ; 

iii.  Differential  centrifuging ; 

iv.  Micro-sublimation. 

Some  of  the  methods,  especially  those  falling  in  groups  I.  iii  and  II. 
iii,  stand  as  yet  only  on  the  borderline  of  histochemistry,  because  the 
substances  identified  cannot  generally  be  exactly  located  with  sufficient 
accuracy  to  justify  the  use  of  the  compound  microscope. 

c.  The  Validity  of  Histochemical  Tests 

It  is  of  course  often  desirable  to  check  the  results  of  one  method  by 
the  use  of  others.  It  is  right  to  be  suspicious  even  of  many  generally 
accepted  methods.  DanieUi  has  pubhshed  a  useful  warning  on  this 
subject22,  though  it  may  be  argued  that  he  carries  caution  to  excess. 
Methods  relying  on  resistance  to  solubility  (I.  vii)  are  particularly  Hable 
to  error,  because  substances  in  tissues  may  have  their  solubilities  re¬ 
duced  by  association  with  other  substances  (e.g.  they  may  be  adsorbed 
on  insoluble  proteins). 

Many  methods  involving  capacity  to  adsorb  certain  colouring  agents 
selectively  (I.  ix)  and  to  interact  chemically  with  production  or  altera¬ 
tion  of  colour  (I.  xi)  are  based  on  purely  empirical  knowledge,  without 
the  chemical  or  other  reactions  involved  being  understood .  Such  methods 
are  only  reliable  when  there  is  inductive  evidence  that  among  all  the 
substances  occurring  in  organisms  only  one  substance,  or  one  group  of 
substances,  reacts  positively.  A  really  comprehensive  study  of  this  kind 
has  not  very  often  been  made.  The  writer  has  recently  pubhshed’>®  a 
method  for  the  histochemical  recognition  of  phosphohpines,  depending 
for  its  validity  on  exclusion -experiments  of  this  kind.  When  a  test  does 
not  depend  on  some  evidently  valid  basis  (for  example,  an  absorption 
or  emission  spectrum,  or  a  recognized  chemical  reaction  for  which  one 
can  write  the  equation),  no  one  should  be  content  to  use  it  without 
finding  exactly  what  is  supposed  to  be  the  basis  of  its  validity ,  that  is, 
what  proof  there  is  that  other  substances  or  groups  of  substances  cannot 
react  positively  to  it. 

Care  must  be  taken  to  find  whether  a  colour-reaction  at  a  certain 
place  in  a  cell  genuinely  indicates  that  the  substance  that  gave  the 
reaction  was  present  at  precisely  that  place,  or  whether,  on  the  contrary , 
the  visible  reaction-product  may  have  moved  from  one  part  of  a  cell  to 

another^^. 
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Although  the  writer’s  main  purpose  is  to  insist  on  the  necessity  for 
high  standards  of  vahdity  in  histochemistry,  yet  there  is  still  a  place 
for  certain  carefully  chosen  rough-and-ready  guides.  The  histochemist 
will  do  well  to  provide  himself  with  some  quick  and  simple  methods 
that  can  act  as  pointers.  Zacharias’s  method  for  proteins  might  be  cited 
as  an  example®^.  Pyronine  and  methyl  green  (Unna-^^)  is  another:  what¬ 
ever  is  coloured  red  by  the  use  of  this  mixture  is  quite  likely  to  contain 
ribosenucleic  acid.  Such  methods  may  greatly  reduce  the  number  of 
critical  tests  that  must  be  applied  to  estabhsh  the  chemical  identity  of 
tissue  constituents.  They  must  be  used,  not  as  evidence  of  chemical 
composition,  but  simply  to  suggest  what  valid  tests  should  be  tried  first. 

d.  Modern  Tendencies 

Methods  falhng  within  the  following  groups  of  the  above  classification 
are  of  particular  interest  at  the  present  time : 

I.  V.  C  (e.g.  Caspersson’s  method^®  for  the  nitrogenous  bases  of 
nucleic  acids). 

I.  xiii.  B  (e.g.  Gomori’s  method^®  for  phosphatase). 

II.  ii.  B  (e.g.  Brachet’s  method^^’^^  fQj.  ribosenucleic  acid). 

III.  iii  (e.g.  Bensley  and  Hoerr’s  method^®  for  isolating  mito¬ 
chondria). 

One  of  the  chief  needs  in  modern  histochemistry  is  the  development 
of  quantitative  in  situ  methods. 

The  discovery  that  certain  enzymes  are  resistant  to  paraffin  embed¬ 
ding  and  can  reveal  themselves  by  their  activity  in  sections  is  an 
important  one,  well  exploited  by  Gomori^®.  For  a  critical  study  of 
Gomori  s  method,  see  DanieUi^^.  In  developing  new  methods  of  this 
kind,  the  difficulty  will  be  to  make  the  products  of  enzyme  activity 
visible  at  the  exact  sites  of  their  origin. 

The  discovery  of  methods  for  preparing  pure  enzymes  is  likely  to 
revive  an  old  principle  of  histochemical  technique.  Unna®®  used  the 
idea  of  ascertaining  the  staining  reactions  of  various  tissue  components, 
applying  solvents  to  sections,  and  then  using  the  appropriate  stains  to 
find  out  whether  these  components  had  been  dissolved  out.  This  method 
of  ‘Chromolyse’  (a  subsection  of  II.  ii.  A)  broke  down  because  sub¬ 
stances  occur  in  tissues  in  complex  mixtures,  in  which  one  substance 
affects  the  solubihty  of  another.  Pure  enzymes  are  superior  to  solvents 
m  this  respect,  and  Brachet^i-i^  has  introduced  w'hat  is  essentially  chro¬ 
molysis  by  enzymes  (see  also  Sanders^).  Ribosenucleic  acid  has  a 
particular  affinity  for  p^onine,  which  cannot,  of  course,  be  used  as  a 
mstochemical  test  since  it  is  simply  a  basic  dye  with  no  actual  specificity. 
If,  however,  an  object  in  a  cell  is  readily  stainable  by  pyronine  in  an 
ordinary  section,  but  unstainable  after  a  section  has  been  treated  with 
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pure  ribonuclease  (which  removes  ribosenucleic  acid  from  histological 
sections),  it  is  legitimate  to  conclude  that  the  object  contains  or  consists 
of  ribosenucleic  acid.  This  kind  of  test  is  hkely  to  come  into  common 
use. 

The  methods  in  groups  I  and  II  are  generally  reliable  as  regards 
location  of  the  object  in  tissues,  but  often  unrehable  as  regards  chemical 
composition.  The  group  III  methods,  on  the  contrary,  can  be  made 
rehable  as  regards  chemical  composition  but  are  often  unreliable  as 
regards  location  (i.e.  site  of  origin  of  the  substance  extracted  and 
analysed).  An  example  is  provided  by  the  material  that  Claude^®’!® 
isolates  from  cells  by  differential  centrifuging  and  describes  as  ‘micro- 
somes’.  It  has  been  questioned  whether  this  material  actually  occurs 
in  living  cells,  as  he  claims,  in  the  form  of  minute  granules.  However 
this  may  be,  there  is  very  strong  reason  to  beheve  that  mitochondria 
can  be  isolated  by  centrifuging;  the  w^eight  of  evidence  seems  opposed 
to  Claude’s  view^^  that  Bensley  and  Hoerr’s  granules  are  not  actually 
mitochondria.  Claude  has  himself^®  isolated  from  other  cells  and  ana¬ 
lysed  what  seems  undoubtedly  to  be  mitochondrial  material.  The 
earhest  analyses  of  mitochondria  obtained  by  centrifuging  gave  too  low 
a  figure  for  phosphoUpine,  but  later  figures  obtained  by  various  authors 
are  rehable.  Bensley  and  Hoerr’s  method^®  for  isolating  very  minute 
ceUular  constituents  is  a  landmark  in  the  progress  of  histochemical 
technique. 
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CHAPTER  I  {ccynt.) 

CYTOLOGICAL  TECHNIQUES 
B.  SPECIAL  METHODS 

%  F.  K.  SANDERS 
i.  Introduction 

WORK  on  the  structure  and  organization  of  the  cell  during  recent 
years  has  received  a  great  impetus  from  the  introduction  of  several 
new  types  of  procedure.  These  have  been:  (1)  the  frozen-dehydration 
method  of  tissue  fixation,  whereby  tissues  may  be  dehydrated  and  em¬ 
bedded  without  the  changes  which  normally  follow  the  use  of  chemical 
fixatives  and  dehydration  media;  (2)  methods  for  the  fractionation  of 
cells  by  physical  methods,  so  that  portions  of  their  structure  may  be 
collected  and  analysed  in  bulk;  (3)  special  histological  methods  for  the 
localization  of  sites  of  enzyme  activity  in  tissues;  and  (4)  the  use  of 
enzymes  as  histochemical  reagents.  The  science  of  micro -dissection  has 
been  helped  by  the  introduction  of  new  and  more  effective  instruments. 

Since  the  increased  use  of  such  methods  may  well  have  a  great  in¬ 
fluence  on  the  direction  taken  by  cytology  in  the  next  few  years,  it  has 
been  thought  profitable  to  give  some  account  of  them  here.  It  has  not 
been  our  intention  in  this  chapter  to  review  exhaustively  the  advances 
made  with  these  methods,  and  for  detailed  descriptions  of  the  various 
techniques  the  reader  is  referred  to  the  original  papers.  In  the  present 
account  the  general  scope  of  the  various  methods  will  be  indicated,  and 
some  account  given  of  points  at  which  they  may  possibly  be  open  to 
criticism. 

ii.  The  Frozen-Dehydration  Method  of  Tissue  Preparation 
a.  Basic  Principles 

The  treatments  involved  in  the  making  of  histological  preparations 
normally  bring  about  many  alterations  in  the  tissues  subjected  to  them. 
Not  only  are  proteins  greatly  altered  in  solubility,  but  mineral  consti¬ 
tuents,  fats,  and  the  like  are  frequently  moved  from  their  original  loca¬ 
tion  in  the  tissues.  These  unfavourable  aspects  of  histological  technique 
have  long  been  the  bane  of  the  cytologist,  and  in  an  attempt  to  over¬ 
come  them  the  frozen-dehydration  method  has  been  introduced.  This 
changes  the  tissues  little,  if  at  all,  apart  from  the  removal  of  water. 
The  basic  principle  of  the  method  is  as  foUow's:  tissues  are  frozen  as 
rapidly  as  possible;  then  they  are  placed  in  a  high  vacuum  in  a  low 
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temperature,  where  the  ice  contained  in  them  evaporates  without  melt¬ 
ing,  thus  preventing  the  shifting  of  materials  which  would  follow  the 
removal  of  water  by  other  means.  Following  this  freehand  sections  may 
be  cut,  or  the  tissue  embedded  in  wax  without  further  ado. 

Frozen -dehydration  was  first  used  by  Altmann^.  It  was  later  revived 
by  Gersh^o,  and  many  of  the  earlier  difficulties  of  the  method  have  been 
overcome  by  refinements  introduced  by  Hoerr^^,  Scott®®,  Simpson®^,  and 
others^^  The  chief  drawback  of  the  method  is  that  it  requires  the  use 
of  special  apparatus,  which  is  often  expensive.  Many  of  the  early  types 
of  equipment  were,  however,  needlessly  elaborate,  and  it  is  now  possible 
to  construct  equipment  which  is  within  the  means  of  any  moderately 
equipped  laboratory.  The  two  chief  problems  of  the  method  are  to 
achieve  sufficiently  rapid  freezing,  and  to  secure  rapid  drying  at  suffi¬ 
ciently  low  temperatures. 

6.  Freezing 

Tissue  frozen  too  slowly  is  badly  distorted  by  the  formation  of  large 
ice  crystals,  which  give  it  a  vacuolated  appearance,  cells  actually  being 
ruptured  by  the  growth  of  ice  crystals  within  them.  Gersh^®  employed 
liquid  air  in  order  to  overcome  the  distortions  occasioned  by  slow  freez¬ 
ing.  Unfortunately,  liquid  air  boils  violently  when  tissues  at  room  tem¬ 
perature  are  thrown  into  it,  and  they  become  surrounded  by  a  jacket 
of  vapour  which  retards  heat  transfer.  This  results,  in  the  case  of  large 
blocks,  in  slow  cooling  of  the  interior,  with  the  consequent  formation 
of  large  ice  crystals.  This  defect  has  been  made  less  troublesome  by 
immersion  of  the  tissues  to  be  frozen  in  liquids  such  as  isopentane, 
chilled  to  — 170°  C.  with  liquid  nitrogen®^;  the  latter  is  used  in  preference 
to  liquid  air  on  account  of  the  ease  with  which  isopentane  forms  an 
explosive  mixture  with  liquid  air.  The  isopentane  is  agitated  during 
tissue  immersion  to  ensure  rapid  heat  extraction.  Even  with  isopentane 
a  sort  of  supercooling  can  occur  in  parts  of  a  tissue  block,  and  some  ice- 
crystal  formation  takes  place.  The  patterns,  however,  are  geometrical 
and  easily  detectable  microscopically.  Consequently,  the  tissues  which 
show  the  best  preservation  by  this  method  are  those  with  a  low  water 
and  lipid  content.  Tissues  such  as  testes  and  nerves  usually  show  some 
ice-crystal  artefact. 

With  isopentane  it  appears  that  the  main  factor  limiting  the  rate  of 
heat  transfer  from  the  tissue  to  the  medium  is  the  heat  conductivity 
of  the  instantaneously  frozen  surface  of  the  tissue®2;  this  is  a  factor 
which  it  is  not  possible  to  control.  It  has  been  found  that  the  organs 
least  distorted  by  the  freezing  process  are  those  with  a  loose  lobular 
structure,  like  the  pancreas.  The  considerable  connective  tissue  por¬ 
tions  of  these  organs  probably  freeze  first  by  propagation  of  ice  crystals 
inwards.  The  ice  formed  in  this  way  is  a  better  conductor  of  heat  than 
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the  still  fluid  interior,  and  allows  a  rapid  withdrawal  of  heat  from  the 
cellular  portion  which  it  encloses. 

Apart  from  beakers  and  vacuum  flasks  to  hold  the  necessary  liquids, 
no  special  apparatus  is  necessary  at  this  stage  of  the  process. 

c.  Dehydration 

In  order  to  avoid  melting,  with  its  consequent  vitiation  of  the  pur¬ 
poses  of  the  technique,  dehydration  must  be  carried  out  at  a  tempera¬ 
ture  below  the  eutectic  point  of  the  tissue.  There  is,  unfortunately,  at 
present  no  way  of  knowing  what  the  eutectic  point  of  so  complex  a 
mixture  of  substances  as  hving  tissue  may  be.  However,  there  are 
reasons  for  believing  that  the  absolute  depression  of  freezing-point  in 
tissues  may  be  very  low,  indeed  below  —50°  C.  At  any  rate,  a  more 
hfehke  appearance  is  obtained  by  dehydrating  tissues  below  —30°  C. 
An  apparatus  for  dehydrating  frozen  tissues  must  thus  include  some 
means  for  maintaining  the  tissue  at  a  temperature  below  —30°  C.  during 
the  whole  process,  which  may  take  several  days.  In  this  respect  the 
process  of  dehydrating  tissues  differs  from  the  lyophile  process  used  for 
dehydrating  sera  and  other  biological  fluids.  In  the  latter  process^®  the 
material  is  shell-frozen  in  small  quantities  in  separate  ampoules  and 
thus  presents  a  very  large  evaporating  surface.  Under  moderate  vacuum 
water  evaporates  sufficiently  fast  for  the  material  to  be  kept  frozen  in 
supplying  the  latent  heat  of  evaporation  of  the  ice.  In  the  case  of  tissues 
the  bulk/surface  ratio  is  much  greater,  and  some  form  of  artificial  cool¬ 
ing  must  be  used.  In  the  early  types  of  equipment  this  w^as  a  mechanical 
refrigeration  system^®.  This  was  elaborate  and  has  since  been  replaced 
by  simpler  systems.  Taylor®®  has  described  an  apparatus  in  which  the 
dehydration  chamber  is  kept  cold  by  the  circulation  of  cold  carbon 
dioxide,  the  system  operating  according  to  the  principle  of  a  domestic 
water-heating  plant;  an  ingenious  thermostatic  device  regulates  the 
temperature  of  the  chamber  by  controlling  the  rate  of  COg  flow.  A  simi¬ 
lar  arrangement  has  been  used  with  success  by  the  author.  In  the 
excellent  cryostat  of  Packer  and  Scotf^®  cooling  is  achieved  by  sur¬ 
rounding  the  drying  chamber  with  an  annular  space  in  which  the  air 
pressure  is  reduced;  the  whole  chamber  with  its  jacket  is  further  sur¬ 
rounded  by  a  Dewar  flask  full  of  dry  ice.  With  a  pressure  in  the  jacket 
of  1  mm.  Hg.  the  temperature  at  the  surface  of  the  tissue  is  —65  to 
-70°  C. 

At  these  temperatures  the  vapour  pressure  of  ice  is  extremely  low 
(0-002-0-003  mm./Hg.),  and  a  very  efficient  high  vacuum  system  is 
therefore  necessary  to  ensure  evaporation  from  the  tissue.  A  two-stage 
mercury  or  oil  diffusion  pump  with  a  pumping  speed  of  at  least  10  litres 
per  sec.,  backed  by  a  rotary  pump  of  the  Hyvac  type,  is  necessary. 
Some  absorbent  is  also  necessary  for  the  water  vapour  evaporated  dur- 
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ing  dehydration.  This  can  be  a  tray  of  phosphorus  pentoxide,  inserted 
in  the  line  as  close  to  the  tissue  as  possible.  In  the  Packer  and  Scott 
cryostat  contamination  of  the  pump  oil  is  further  guarded  against  by 
a  liquid  air  trap  between  the  diffusion  pump  and  the  dehydration 
chamber.  A  further  trap  between  the  diffusion  and  backing  pumps  is 
necessary  to  prevent  contamination  of  the  latter  with  oil  or  mercury 
from  the  diffusion  pump. 

The  time  required  for  dehydration  varies  both  with  the  size  of  block 
and  the  type  of  tissue  used,  and  a  standard  time  cannot  be  laid  down. 
While  water  is  coming  away  from  the  tissue,  however,  there  is  a  pressure 
gradient  between  the  dehydration  chamber  and  the  diffusion  pump. 
When  evaporation  ceases  this  gradient  disappears.  It  can  therefore  be 
used  as  a  measure  of  the  dehydration  of  the  tissue.  This  can  be  done 
by  means  of  a  pair  of  ionization  gauges,  one  placed  as  close  to  the  tissue 
and  one  as  close  to  the  pump  as  possible ;  alternatively,  a  pair  of  Pirani 
gauges  may  be  used,  and  the  pressure  in  the  dehydration  chamber  com¬ 
pared  with  that  in  a  standard  evacuated  bulb.  Evaporation  may  be 
judged  to  have  ceased  when  the  pressure  in  the  chamber,  measured  by 
either  of  these  types  of  apparatus,  declines  to  a  low  and  constant  level. 
It  is  customary  to  continue  pumping  for  a  day  or  so  after  this  level  has 
been  achieved,  as  certain  tissues  appear  to  give  off  their  water  in  a  series 
of  bursts. 

At  low  pressures  the  speed  of  gas  flow  through  a  tube  varies  wdth  the 
third  pow'er  of  its  radius,  and  inversely  with  its  length.  In  designing 
apparatus  for  dehydration  it  is  therefore  important  to  keep  the  con¬ 
nexion  between  the  dehydration  chamber  and  the  pumping  system  as 
short  and  as  wide-bored  as  possible. 

d.  Applications 

In  ordinary  histology  frozen -dehydration  does  not  possess  any  marked 
advantage  over  classical  methods  of  fixation,  except  that  tissues  so 
preserved  may  resemble  more  closely  their  living  structure.  However, 
the  method  has  immense  advantages  in  the  study  of  materials  in  tissues 
which  are  destroyed  or  moved  by  the  normal  processes  of  histological 
preparation;  it  has  thus  been  used  with  conspicuous  success  in  the  pre¬ 
paration  of  tissues  for  the  investigation  of  mineral  distribution®^.  The 
method  is  also  well  adapted  for  the  histological  study  of  rapid  phvsio- 
logical  changes  in  tissue.  An  extremely  ingenious  use  of  the  method  in 
this  respect  is  the  study^^  Gersh  and  his  collaborators  of  the  forma¬ 
tion  of  gas  bubbles  in  tissue  during  decompression.  By  far  the  widest 
field  for  the  use  of  the  method,  however,  is  likely  to  be  that  of  histo¬ 
chemistry.  Using  frozen-dehydration  it  should  be  possible  to  devise 
techniques  for  the  histochemical  localization  of  many  enzymes  which 
are  normally  destroyed  by  the  process  of  fixation  and  dehydration. 
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Moreover,  frozen-dehydrated  tissues  should  be  useful  for  the  histological 
control  of  biochemical  extraction  procedures,  and  have  already  been 
used  in  this  connexion  by  Bensley  and  Hoerr^.  Further  possible  uses 
are  the  preparation  of  tissues  for  fluorescence  microscopy,  and  for 
storage  with  a  view  to  their  later  surgical  use®^. 

iii.  Centrifugal  Fractionation  Methods 
a.  Basic  Principles 

The  basic  principle  of  such  methods  is  the  maceration  of  tissues  (by 
mincing,  grinding,  squeezing  through  silk  or  towelling,  or  trituration  in 
a  high-speed  mixer  such  as  the  Waring  blender),  and  the  separation  of 
the  resultant  mush  into  fractions  of  different  density  by  successive 
cycles  of  centrifugation  at  different  speeds.  All  operations  are  carried 
out  as  close  to  0°  C.  as  possible,  if  practicable  in  a  cold  room.  By  such 
means  it  has  been  claimed  that  it  is  possible  to  obtain  fractions  consist¬ 
ing  largely  of  the  following  cellular  constituents:  nuclei®’^^, 33,67,85,92^  chro¬ 
matin  strands^^,  chromosomes®®,  zymogen  granules^’,  melanin  granules^®, 
chloroplasts®®,  particulate  glycogen®®,  mitochondria®’^®’®^'®®’®®’’®,  and  sub- 
microscopic  particulates  termed  microsomes®’^®’^®’^®’^®’®^.  In  certain  cases 
these  general  methods  have  been  supplemented  by  enzymatic  digestion 
to  get  rid  of  unwanted  protein®®. 

Chemical  analyses  and  determinations  of  enzyme  content  have  been 
made  on  the  fractions  so  separated,  and  the  content  and  activities  ob¬ 
served  referred  to  cell  structures  demonstrable  by  classical  cytological 
methods.  However,  except  in  certain  well-defined  cases,  Uttle  evidence 
has  been  offered  that  such  fractions  are  in  fact  identical  with  known 
cellular  structures.  Moreover,  it  cannot  be  assumed  that  because  a 
certain  enzyme  is  found  in  isolated  ‘nuclei’  or  ‘mitochondria’  it  is,  in 
fact,  present  in  this  location  in  the  living  cell.  Cells  are  highly  complex 
colloidal  systems,  in  which  the  distribution  of  substances  between  the 
different  parts  of  the  system  is  hkely  to  be  altered  by  procedures  far 
milder  than  those  listed  above.  Such  criticisms  do  not  invalidate  isola¬ 
tion  methods  of  this  type,  but  the  onus  is  upon  the  worker  who  claims 
to  have  isolated  a  specific  cellular  component  and  demonstrated  its 
chemical  composition  and  enzyme  activity  to  show  {a)  that  the  particle 
he  has  so  isolated  exists  as  such  in  the  cells  of  the  tissue  used,  and 
(6)  that  the  activities  he  demonstrates  are,  in  fact,  localized  at  these  sites 
in  cells.  With  these  reservations,  fractionation  methods  are  likely  to  be, 
and  have  already  proved,  very  valuable  tools  in  cytological  work. 

h.  Nuclei 

Chambers^®  and  others  have  shown  by  micro -dissection  methods  that 
a  nucleus  removed  from  a  cell  into  a  foreign  environment  either  dissolves 
or  sets  to  a  rubbery  gel.  Hoerr®®  points  out  that  the  nuclei  of  guinea- 
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pig  liver  readily  fragment  in  water  at  the  neutral  point,  or  in  salt  solu¬ 
tions  more  hypotonic  than  0-50  per  cent.  However,  fragmentation  of 
cells  in  weakly  acid  solutions  of  a  pH  around  6*0  seems  to  rfender 
the  nuclear  membranes  tough  and  rubbery,  so  that  adequate  prepara¬ 
tions  of  nuclei  may  be  obtained  from  homogenates  prepared  by  treat¬ 
ments  varying  in  severity  from  mild  grinding  to  violent  beating  in  a 
Waring  blender.  Consequently,  many  workers  have  succeeded  in  isolat¬ 
ing  ‘nuclei’  in  bulk  from  macerated  tissue:  citric  acid  solutions  varying 
from  0*004  to  0*26  M  have  been  as  maceration  media,  and 

nuclei  have  later  been  isolated  by  filtration  through  silk  or  cheese-cloth 
followed  by  differential  centrifugation,  the  required  fraction  sediment¬ 
ing  at  1,000-1,500  g. 

There  is  little  doubt  that  the  bodies  seen  in  such  preparations  are 
derived  from  cell  nuclei.  The  latter  can  be  seen  microscopically  in  the 
process  of  ejection  from  cells  when  the  latter  are  treated  with  5  per  cent, 
citric  acid^®.  It  cannot  be  denied,  however,  that  such  isolated  nuclei  are 
probably  much  altered  from  their  hving  condition,  and  may  have  gained 
or  lost  substances  to  the  rest  of  the  cell  debris.  There  is  no  reason  at 
present  to  accept  inferences  that  enzymes  such  as  arginase,  found  by 
some  workers®®  to  be  associated  with  isolated  nuclei,  exist  in  or  on  the 
nucleus  when  in  its  cellular  environment.  So  far  as  I  am  aware,  no  tests 
have  been  made  of  the  adsorptive  capacities  of  isolated  nuclei,  nor  has 
there  been  any  investigation  of  possible  variations  in  their  chemical 
content  when  isolated  under  different  conditions.  Until  this  is  done  we 
can  have  no  idea  as  to  possible  shifts  of  substances  which  may  occur 
when  the  cell  is  disrupted.  Although  the  high  content  of  isolated  nuclei 
in  alkaline  phosphatase  can  be  confirmed  on  whole  cells  histochemically®, 
even  the  latter  evidence  is  not  beyond  criticism®^^. 

c.  Mitochondria 

A  fraction  containing  particles  0*5  to  2*0  ju,  in  diameter  can  be  obtained 
from  certain  tissues  (li^er,  heart,  &c.)  by  freeing  the  suspension  of  nuclei, 
whole  cells,  and  debris  by  a  preliminary  slow  centrifugation,  and  then 
spinning  down  the  required  particles  at  about  2,000  g;  the  resulting 
sediment  is  then  freed  of  extraneous  material  by  further  alternating 
cycles  of  centrifugation.  Such  a  fraction  was  first  noted  by  Warburg®® 
who  satisfied  himself  that  the  particles  obtained  corresponded  to  granules 
which  he  could  see  leaving  crushed  cells  in  the  suspension.  Since  then 
cellular  particulates  of  this  size  range  have  been  prepared  by  many 
workers,  notably  Bensley  and  Hoerr®,  Claude^®-®®,  Hoerr®®,  Hogeboom 
et  a^®4*®5,  and  Schneider^®.  Considerable  differences  of  opinion  exist  as 
to  the  best  maceration  medium.  Claudel®  at  first  used  water  to  which 
a  few  drops  of  NaOH  had  been  added  to  make  a  pH  of  about  9*0  In 
later  studies®®  he  used  0*85  per  cent.  NaCl  buffered  at  pH  9*0  to  9*5 
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The  workers  of  the  Bensley  school®®,  however,  insist  that  while  the  use 
of  alkaline  media  prevents  aggregation  of  the  particles,  it  also  hastens 
their  disintegration;  they  recommend  saline  buffered  at  pH  6-3.  Hoge- 
boom  et  al.^^  use  0-88  M  sucrose,  on  the  grounds  that  it  allows  particu¬ 
lates  to  be  isolated  which  correspond  most  closely  to  mitochondria; 
owing,  presumably,  to  the  considerable  viscosity  of  the  sucrose  solution, 
a  field  of  24,000  g  was  used  to  sediment  the  particles. 

The  cytological  identification  of  the  components  making  up  this 
fraction  is  an  important  and  difficult  problem.  Bensley  and  Hoerr® 
originally  identified  it  as  mitochondria  on  evidence  that  it  contained 
granules  staining  with  the  Altmann  stain.  Claude^®  more  cautiously 
terms  this  the  Targe  granule’  fraction  in  contrast  to  the  ‘small  granules’ 
or  microsomes  obtained  at  still  higher  centrifugal  speeds  (see  below). 
Hogeboom  et  al.^^  again  identify  the  fraction  with  mitochondria  on  the 
basis  of  staining  reaction.  The  size,  shape,  and  staining  reactions  of  the 
components  of  the  ‘large  granule’  fraction  of  mammalian  liver  when 
isolated  in  different  media  are  given  in  the  accompanying  table: 


Medium 

pH 

Size 

Shape 

Staining  reactions 

J anus  green 

Altmann 

Water 

9*0 

1-5  p. 

Spheres 

— 

— 

0-85% 

saline 

7-3-9-5 

0-5-2/a 

Spheres 

+ 

0-85% 

saline 

6-3 

1-2 /X 

Spheres 

-|-Rods 

— 

-h 

0-88  M 

sucrose 

— 

0-2-1  p  X 
1-5/a 

Rods 

+ 

+ 

Fractions  prepared  in  saUne  contain  numbers  of  spherical  bodies  of  the 
order  of  size  of  mitochondria,  which  react  to  the  Altmann  stain,  but  not 
with  Janus  green;  water  homogenates  contain  much  larger,  paler,  non¬ 
staining  spheres.  The  fraction  prepared  in  sucrose,  however,  contains 
particles  which  are  rod-shaped  and  able  to  accumulate  Janus  green 
from  very  dilute  solutions  of  the  dye,  both  properties  specific  to  mito¬ 
chondria  within  the  hving  cell.  Although  not  conclusive,  as  no  evidence 
based  solely  on  a  staining  reaction  can  be,  it  appears  likely  that  the 
granules  prepared  in  this  way  do  really  correspond  to  mitochondria, 
and  this  is  the  method  of  choice  for  their  preparation  at  the  present 
time®®.  It  must  be  emphasized,  however,  that  the  centrifuge  does  not 
select  mitochondria  as  such,  but  merely  particles  of  a  certain  density. 
‘Mitochondrial’  fractions,  therefore,  may  easily  be  contaminated  with 
material  of  different  origin  but  similar  density.  Indeed,  Claude^^  con¬ 
sidered  his  ‘large  granule’  fraction  from  mammalian  liver  to  consist  of 
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a  mixture  of  mitochondria  and  ‘secretory  granules’  in  unknown  pro¬ 
portions  depending  on  the  physiological  state  of  the  liver  extracted. 

In  view  of  the  ease  with  which  the  size  and  shape  of  ‘large  granules’ 
may  be  changed  by  varying  the  solute  concentration  and  pH  of  the 
maceration  medium,  it  would  appear  probable  that  reports  of  their 
chemical  composition  or  enzyme  content  could  have  but  little  bearing 
on  the  composition  of  mitochondria  in  the  hving  cell;  the  same  objec¬ 
tions  put  forward  in  the  case  of  nuclei  would  apply  here  with  even 
greater  force.  Moreover,  Claude^^  has  shown  that  strongly  acid  and 
alkahne  solutions  extract  pentose  nucleic  acid  and  nucleotides  from  such 
granules,  and  that  in  distilled  water  they  disintegrate  with  the  hbera- 
tion,  among  other  substances,  of  a  yellow  pigment  and  bodies  resembhng 
microsomes.  It  is  therefore  surprising  that  authors  using  very  different 
methods  of  extraction  agree  in  ascribing  succinoxidase  and  cytochrome 
oxidase  activity  to  these  granules^’’^^*®®’^®.  Indeed,  in  0-88  M  sucrose 
extracted  hver  the  extracted  granules  have  70  to  80  per  cent,  of  the 
succinoxidase  activity  of  the  original  extract^^.  Such  persistently  high 
recovery  of  the  enzyme  in  the  large  granule  fraction  after  repeated 
sedimentation  makes  it  doubtful  that  this  finding  is  simply  the  result 
of  adsorption,  particularly  in  view  of  the  fact  that  succinoxidase  is  a 
complex  system  of  several  components.  Reports^®*’®  of  the  segregation 
of  other  enzymes  such  as  adenylpyrophosphatase  and  phosphatase  in 
this  fraction,  however,  must  be  treated  with  reserve,  in  view  of  the 
finding^i  that  intracytoplasmic  particles  such  as  virus  elementary  bodies 
are  able  to  adsorb  phosphatase,  catalase,  and  lipase  from  solutions  con¬ 
taining  these  enzymes. 

d.  Microsomes 

Following  the  removal  of  nuclei  and  ‘large  granules’,  subjection  of 
saline^'^  or  phosphate^®  tissue  extracts  to  still  more  powerful  centrifugal 
fields  (18,000  g)  results  in  the  separation  of  a  second  particulate  com¬ 
ponent,  composed  of  elements  50  to  300  mfx  in  diameter,  termed  ‘micro¬ 
somes’  by  Claude^®.  They  were  studied  extensively  by  Claude^^'^oA'c. 
Brachet®  and  others,  and  have  been  obtained  from  many  tissues  and 
species^®.  Considerable  interest  attaches  to  these  particles  on  account 
of  their  physical  resemblance  to  infective  particles  isolated  from  the 
Rous  sarcoma  of  chickens^^. 

Some  evidence  exists  for  the  pre-existence  of  particles  resembhng 
microsomes  in  the  living  cell.  Claudei®>2i  subjected  Amphiuma  liver  in 
cold  sahne  to  a  centrifugal  force  of  1 8,000  g,  and  examined  frozen  sections 
of  the  tissue  after  centrifugation;  the  cells  became  stratified  into  four 
zones;  the  lowest  (unstained)  consisted  of  particulate  glycogen;  the  next 
contained  the  nucleus,  mitochondria,  and  ‘secretion  granules’;  the  next 
was  uniformly  basophil,  and  assumed  to  consist  of  microsomes  since  the 
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latter  show  basiphilia  in  vitro,  and  have  been  shown  chemically  to 
contain  much  pentose  nucleoprotein;  the  uppermost  zone  consisted 
of  hyaline  cytoplasm.  A  similar  result  was  obtained  by  Brachet  and 
Jeener^®  on  frog  liver.  Sections  of  Uver  centrifuged  at  40,000  g  in  cold 
sucrose  gave  a  positive  pentose  reaction  localized  in  a  lunular  zone  close 
to  the  nucleus.  Moreover,  dark-ground  examination  of  hving  cells  under 
very  intense  illumination  revealed^  that  protoplasm,  which  appeared 
clear  under  transmitted  hght,  contained  an  immense  number  of  sub- 
microscopic  particles  in  active  Brownian  movement.  While  this  evi¬ 
dence  is  not  conclusive  for  the  identity  of  microsomes  with  pre-existing 
particles  in  the  hving  cell,  it  does  show  that  particles  of  this  order  of 
size  are  at  any  rate  present  in  cells. 

Isolated  microsomes  contain  pentose  nucleic  acid,  protein,  and  up  to 
50  per  cent,  of  their  dry  weight  of  hpide,  according  to  analyses  given 
by  various  authors^®’^®'^^.  The  composition  of  microsomes  isolated  from 
widely  differing  tissues  is  remarkably  uniform^®^?^  Reports  as  to  the 
enzyme  content  of  microsomes  are  conflicting.  Claude^^  states  that  they 
are  largely  without  enzyme  activity;  Brachet  and  Jeener^®  find  a  number 
of  enzymes  associated  with  this  fraction,  including  respiratory  enzymes. 
Part  of  this  discrepancy  can  be  explained,  no  doubt,  on  the  basis  of  con¬ 
tamination  of  the  microsome  fraction  by  large  granule  material;  alterna¬ 
tively,  the  enzymatic  activity  of  the  large  granule  fraction  may  be  due 
to  contamination  with  microsomes.  Until  conditions  of  separation  are 
better  standardized  it  wiU  not  be  possible  to  apportion  activities  between 
these  two  fractions.  In  addition,  there  is  evidence  that  microsomes  are 
able  to  adsorb  material  from  extracts  in  which  they  are  set  free.  The 
microsome  pellet  made  from  extracts  of  unperfused  hvers  is  cherry  red 
owing  to  adsorbed  haemoglobin,  whereas  that  from  perfused  hvers  is 
not  so  coloured^®.  As  in  the  case  of  the  other  components  of  cell  extracts, 
much  further  work  will  be  needed  before  we  have  any  idea  of  the  en¬ 
zymes  associated  with  such  minute  particles  in  the  living  cell. 

e.  Chromosomes 

Claude  and  Potter^^  were  the  first  to  isolate  ‘chromatin’  threads  from 
lymphoid  tumours  and  from  hver  by  combining  the  action  of  a  high¬ 
speed  mixer  in  breaking  nuclei  with  subsequent  differential  centrifuga¬ 
tion.  It  was  left  to  Mirsky  and  PoUister®®  to  make  preparations  from 
more  favourable  materials  such  as  fish  and  bird  erythrocytes  and  thy¬ 
mus,  and  to  attempt  to  identify  their  product  with  actual  chromosomes. 
The  technique  was  briefly  as  follows :  suspensions  of  red  cells  or  of  minced 
thymus  were  fragmented  by  brief  treatment  in  the  Waring  blender,  and 
cell  debris  and  nuclei  separated  by  a  combination  of  straining  and  low- 
speed  centrifugation;  the  nuclear  fraction  was  then  returned  to  the 
blender  and  the  nuclei  broken  by  a  second  blending;  further  straining 
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and  centrifugation  resulted  in  the  separation  of  a  fraction  consisting  of 
threadlike  objects.  These  were  identified  as  chromosomes  on  the  basis 
of  their  positive  staining  reactions  with  such  stains  as  aceto-carmine, 
orcein,  and  the  Feulgen  reagent,  and  on  account  of  them  resemblance 
to  actual  metaphase  chromosomes.  It  must  be  borne  in  mind,  how¬ 
ever,  that  such  threads  were  in  all  cases  isolated  from  what  must  have 
been  resting  nuclei.  Moreover,  Lamb^^^  has  shown  that  the  treatment 
described  above  causes  thymus  and  erythrocyte  nuclei  to  be  deformed 
into  thread-like  formations  which  later  break  off  isolated  threads 
resembling  chromosomes.  Accordingly  there  is  at  present  no  definite 
basis  for  identifying  such  objects  as  chromosomes. 

Chemical  studies®®  of  the  above  isolates  have  shown  that  these  threads 
can  be  fractionated  into  a  desoxypentose-nucleohistone,  constituting 
about  90  per  cent,  of  the  mass  of  the  thread,  and  a  residual  ‘chromo¬ 
some’,  which  is  a  coiled  thread  consisting  of  a  second  protein  with  about 
12-14  per  cent,  of  pentose  nucleic  acid  and  about  one-fifth  as  much 
desoxypentose  nucleic  acid.  Further  work  remains  to  be  done  to  deter¬ 
mine  the  relationship  between  the  physical  and  chemical  organization 
of  these  isolated  structures  and  that  of  chromosomes  within  the  nucleus 
at  different  stages  of  the  division  cycle. 

f.  Other  Cell  Particulates 

That  the  fractions  described  above  do  not  exhaust  the  list  of  cellular 
constituents  which  may  possibly  be  isolated  by  differential  centrifuga¬ 
tion  is  obvious.  Indeed,  others  have  been  mentioned  at  the  beginning 
of  this  section.  Moreover,  the  supernatant  fluid  left  after  the  separation 
of  everything  down  to  the  dimensions  of  microsomes  still  contains 
abundant  protein  and  enzyme  activity^®,  and  includes  particulate  matter 
which  centrifugation  at  still  higher  speeds  w'ould  probably  sediment. 
Mention  may  be  made  in  this  connexion  of  the  macromolecular  material 
isolated  and  studied  by  Stern  and  his  collaborators  from  horse  liver 
catalase  preparations®^,  and  also  the  remarkable  glycogen-protein  com¬ 
plex  isolated  from  liver  by  Lazarow®®,  which  opens  up  a  promising  field 
in  the  investigation  of  metabohc  changes  in  cells  by  centrifugal  methods. 

It  must  be  emphasized,  in  conclusion,  that  while  the  investigation  of 
cellular  extracts  by  centrifugal  separation  is  a  field  in  which  rapid  pro¬ 
gress  will  undoubtedly  be  made,  its  central  problem — that  of  the  corre¬ 
lation  of  the  properties  of  extracted  fractions  with  definite  aspects  of 
cellular  structure — has,  to  date,  hardly  been  begun. 

iv.  The  Histological  Localization  of  Enzyme  Activity 
a.  General 

One  of  the  most  extensive  and  prolific  fields  in  histochemistry  is  that 
of  the  demonstration  of  specific  sites  of  enzyme  activity  within  tissues. 
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Yet  before  1939  only  3  groups  of  enzymes  had  been  studied  at  all  inten¬ 
sively — namely,  the  ‘  peroxidases’*  and  ‘phenolases’*,  and  enzymes  with 
some  bearing  on  melanogenesis  such  as  tyrosinase  and  dopa-oxidase. 
The  methods  employed  for  the  demonstration  of  these  enzymes  have  been 
critically  considered  by  Lison®^,  and  need  not  concern  us  further  here. 

b.  Alkaline  Phosphatase 

In  1939  Takamatsu®'^  and  Gomori^®  almost  simultaneously  pubhshed 
methods  for  the  histological  locahzation  of  ‘alkahne  phosphatase’  ac¬ 
tivity,  and  their  description  has  been  followed  by  a  spate  of  papers,  the 
bibhography  of  which  now  comprises  over  60  references.  ‘Alkaline 
phosphatase’  is  an  enzyme  which  catalyses  the  reaction 

R.0-P03=-  =  R.OH+HPOf 

— that  of  hydrolysis  of  simple  esters  of  orthophosphoric  acid  and  pheno- 
hc  or  alcohohc  hydroxyl  groups^®’®^.  The  pH  optimum  of  this  enzyme 
is  in  the  region  of  9-3,  and  it  seems  to  correspond  to  enzyme  Ag  in 
FoUey  and  Kay’s  classification  of  phosphomonoesterases®’. 

c.  Acid  Phosphatase 

Gomori’s  alkaline  phosphatase  technique  depends  upon  the  principle 
that  when  tissue  sections  containing  the  enzyme  are  incubated  in  sodium 
glycerophosphate  buffered  at  pH  9  in  the  presence  of  calcium  ions,  the 
phosphate  ions  released  by  the  enzyme  activity  will  be  trapped  and 
precipitated  at  the  site  of  formation.  The  resulting  white  precipitate 
is  visuahzed  by  treatment  wdth  cobaltous  nitrate,  when  calcium  is  dis¬ 
placed  and  cobalt  phosphate  formed;  this  substance,  on  treatment  with 
ammonium  sulphide,  is  converted  into  black  cobalt  sulphide.  Gomori^^ 
later  adapted  this  technique  to  the  localization  of  ‘acid’  phosphatase 
activity  (pH  optimum  4*5),  and  other  authors  have  u.sed  similar  methods 
to  localize  enzymes,  splitting  phosphate  from  a  variety  of  phosphory- 
lated  compounds,  including  hexose  diphosphate®®’®^,  adenyl  pyrophos¬ 
phate^®,  mononucleotides®’,  and  pentose  and  desoxypentose  nucleic 
acids  in  both  highly  polymerized  and  relatively  unpolymerized  states®’. 
An  essentially  similar  principle — i.e.  the  trapping  and  precipitation  of 
one  of  the  split  products  of  an  ester  by  a  metallic  ion,  and  the  subse¬ 
quent  development  of  a  coloured  substance  at  the  site,  has  been  used 
to  devise  techniques  for  the  demonstration  of  lipase^®  and  cholinesterase 
activity^®. 

» 

*  These  do  not  correspond  to  the  ‘oxidases’  and  ‘peroxidases’  of  the  bio¬ 
chemist,  but  represent  enzymes  which  are  able  to  catalyse  the  oxidation 
of  certain  phenolic  compounds  either  in  the  presence  (peroxidases),  or  absence 
(phenolases),  of  hydrogen  peroxide.  All  are  demonstrated  through  the  direct 
oxidation  by  the  tissue  of  some  aromatic  base  to  a  coloured  compound. 
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d.  Specificity 

Granted  that  a  given  technique  specifically  demonstrates  the  activity 
of  an  enzyme,  a  number  of  further  questions  remain  to  be  answered 
before  the  locahzation  of  precipitates,  formed  in  sections  following  a 
whole  sequence  of  chemical  reactions,  can  be  accepted  as  indicating 
the  presence  of  enzyme  activity  at  these  sites.  These  questions  have 
been  ably  formulated  by  Danielli^^’^®,  and  are  as  follows:  How  much 
enzyme  is  destroyed  by  the  experimental  procedure,  and,  if  there  is 
destruction,  does  this  take  place  to  the  same  degree  at  all  sites,  or 
selectively  at  certain  sites?;  are  the  compounds  formed  all  deposited 
at  the  original  site  of  enzyme  activity  or  at  sites  which  have  a  special 
affinity  for  them?;  is  the  enzyme  in  a  fixed  preparation  in  its  physio¬ 
logically  normal  positon  ?  These  questions  must  be  answered  for  every 
projected  enzyme  technique  before  its  results  can  be  fully  acceptable. 

In  the  case  of  alkaline  phosphatase,  a  careful  and  critical  study  of  the 
technique's  given  a  satisfactory  answer  to  these  questions.  A  large 
amount  of  the  enzyme  is  destroyed  by  the  experimental  procedure,  but 
apparently  not  selectively:  sites  with  specific  affinity  for  calcium  phos¬ 
phate  exist  in  sections,  but  these  seem  to  coincide  with  sites  of  phospha¬ 
tase  activity;  the  fact  that  enzyme  activity  is  found  at  the  same  sites 
following  widely  different  methods  of  fixation^^.^^  renders  it  probable 
that  these  locations  are  the  enzyme’s  normal  position.  Moreover  it  is 
possible  that  some  substance  involved  in  the  reaction  can  diffuse  within 
sections  during  incubation.®^^  The  results  of  the  technique  are  thus 
hard  to  interpret  unless  adequate  controls  are  routinely  used.  Lison®^ 
recommends  three  such  controls:  one  without  substrate;  and  two  in 
which  the  enzyme  is  inactivated  by  heat  or  M/100  KCN.  A  positive 
difference  between  the  experimental  and  control  sections  indicates 
alkaline  phosphatase  activity.  Conversely,  the  absence  of  such  a 
difference  does  not  indicate  a  total  lack  of  alkahne  phosphatase.  The 
amount  present  may  initially  have  been  small  enough  to  suffer  complete 
inactivation  by  the  processes  of  fixation  and  embedding. 

By  the  above  standards  the  technique  for  acid  phosphatase  is  far  less 
satisfactory.  Several  authors^'®®*®^’®^  have  found  the  technique  to  be 
capricious  and  unreliable,  sections  from  the  same  block  mounted  side 
by  side  often  showing  inexplicable  differences  in  staining.  This  is  in 
part  due  to  the  low  affinity  of  the  enzyme  for  the  sodium  glycerophos¬ 
phate  commonly  used  as  substrate,  and  also  in  part  to  the  lability  and 
perhaps  solubihty  of  the  enzyme’^.  Acid  phosphatase  is  inactivated  to 
a  greater  extent  by  the  commonly  used  acetone  or  alcohol  fixation  than 
IS  alkahne  phosphatase;  the  enzyme  activity  remaining  in  paraffin  em¬ 
bedded  tissues  is  approximately  5  per  cent,  in  the  case  of  acid,  but  20- 
30  per  cent,  in  the  case  of  alkaline  phosphatase®®.  There  is  also  evidence 
that  acid  phosphatase  can  be  leached  out  of,  or  moved  about  in,  acetone 
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fixed  tissues  by  water,  as  can  the  precipitate  of  lead  phosphate  used  to 
visuahze  its  activity^.  Moreover,  little  correlation  can  be  found  between 
acid  phosphatase  activity  as  measured  chemically,  and  that  revealed 
histologicaUySo.  a  full  critical  analysis  of  this  technique  wiU  be  needed 
before  full  confidence  can  be  placed  in  its  results. 

None  of  the  other  enzyme  locahzation  techniques  proposed'^^, 46,48, 72 
been  critically  investigated,  although  one  of  them^®  has  been  severely 
criticized  on  chemical  and  physiological  grounds’®.  Further  work  will 
therefore  be  necessary  before  the  value  of  these  techniques  is  established. 
The  study  of  ‘substrate -specific’,  rather  than  ‘bond-specific’  phospha¬ 
tases®^  is,  however,  only  in  its  infancy,  but  its  results  are  extremely 
promising.  The  varying  reactivity  towards  different  substrates  shown 
by  sites  in  the  same  tissue  points  to  the  existence  of  a  number  of  ‘  specific  ’ 
enzymes®®’®!.  Identification  of  the  enzymes  shown  by  histochemical 
techniques  with  those  described  as  a  result  of  purely  biochemical 
techniques,  however,  has  not  yet  been  made,  and  much  new  work  is 
needed  on  this  question. 

V.  The  Use  of  Enzymes  as  Histochemical  Reagents 

a.  General 

Enzyme  preparations  have  been  used  in  cytology  in  two  main  ways: 
first,  as  macerating  agents  and  to  improve  the  clarity  of  cytological 
preparations®®;  and  second,  as  specific  reagents  in  cytochemical  tests. 
Only  this  second  aspect  of  their  use  will  be  discussed  here. 

The  classical  example  of  the  use  of  an  enzyme  as  a  cytochemical  re¬ 
agent  is  the  use  of  saliva  to  distinguish  between  glycogen  and  ‘  amyloid’®. 
Both  substances  are  coloured  similarly  by  iodine,  but  only  glycogen 
is  removed  by  the  action  of  salivary  amylase.  Examples  of  the  use 
of  other  enzymes  are  fairly  plentiful  in  the  earlier  cytological  litera- 
ture®®’®®’®®,  and  some  of  them  have  been  criticized  by  Lison®!. 

b.  Ribonuclease 

In  general,  however,  the  majority  of  these  techniques  are  unrehable 
on  account  of  the  considerable  lack  of  specificity  of  the  enzyme  prepara- . 
tions,  and  up  till  1940  little  use  was  made  of  enzymic  destruction  as  a 
cytochemical  tool.  Recent  years,  however,  have  seen  a  great  revival  of 
interest  in  the  cytochemical  use  of  enzymes,  principally  in  connexion 
with  the  cytological  localization  of  the  nucleic  acids.  This  followed  the 
isolation  and  crystallization  by  Kunitz®®  of  ribonuclease,  a  highly 
specific  depolymerase  for  the  pentose  nucleic  acids,  and  the  almost 
simultaneous  publication  by  Brachet®*’  of  a  cytochemical  test  for  pen¬ 
tose  nucleic  acids  based  upon  the  treatment  of  sections  with  a  pan¬ 
creatic  extract  containing  this  enzyme.  Modifications  of  the  Brachet 
test,  using  the  Kunitz  enzyme,  have  been  extensively  employed  by 
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cytologists^®'^^’’^*’^.  Similar  identification  of  desoxypentose  nucleic  acid^^ 
has  been  attempted  by  means  of  the  highly  purified  pancreatic  desoxy- 
ribonuclease  first  described  by  McCarty®^,  and  also  by  means  of  spleen 
thymonucleodepolymerase.  Moreover,  a  test  for  the  differential  identi¬ 
fication  of  the  two  types  of  nucleic  acid  by  means  of  these  enzymes  has 
been  described’®.  The  application  of  similar  methods  for  the  identifica¬ 
tion  of  polysaccharides  has  been  proposed^®.  At  the  present  time,  there¬ 
fore,  it  seems  appropriate  to  consider  the  bases  for  the  validity  of  such 
techniques. 


c.  Specificity 

A  common  principle  underlying  all  cytochemical  tests  in  which  enzyme 
preparations  are  used  is  that  by  treating  sections  with  an  enzyme  those 
parts  of  a  cell  are  removed  which  constitute  the  specific  substrate  for 
the  enzyme  in  question.  Thus,  for  such  a  test  to  be  completely  accept¬ 
able  it  must  satisfy  the  following  criteria^®:  (1)  an  enzyme  preparation 
must  be  used  whose  activity  is  limited  to  a  single  substrate;  (2)  the 
specific  substrate  must  be  so  arranged  that  it  is  accessible  to  attack  by 
the  enzyme;  (3)  enzyme  treatment  must  remove  only  this  substrate 
from  the  treated  ceU. 

As  Danielh^®’^’  has  pointed  out,  none  of  the  techniques  so  far  used 
satisfy  these  criteria  absolutely.  Both  crystalline  ribonuclease  and  pan¬ 
creatic  desox3n-ibonuclease  possess  some  proteolytic  activity,  for  ex¬ 
ample®®.  Indeed,  as  Pirie’®  has  pointed  out,  it  is  hard  to  find  a  single 
enzyme  preparation,  however  highly  purified,  whose  activity  is  restricted 
to  a  single  substrate.  As  regards  the  second  criterion,  we  do  not  know 
to  what  extent  protective  sheUs  of  protein,  or  alterations  in  the  physical 
state  of  such  high  polymers  as  the  nucleic  acids,  can  protect  them  from 
the  action  of  enzymes.  For  example,  it  is  well  known  that  treatment 
with  desoxyribonuclease  fails  to  modify  the  basiphiha  of  sperm  heads« 

flp'ri  ^C)t  remove  the  desoxjrpentose  nucleic 

acid  which  they  are  known  to  contain  in  high  concentration.  A  third 
possibihty  has  also  to  be  considered:  where  a  part  of  a  cell  is  removed 

JvZ  nr  definitely  that  it  consists  of  the  sub 

in  relation  to  information  nKfainori  k  -tu  ^  i.e. 

methods,  and  bv  the  m  f  ^  ^  accepted  cytochemical 

classical  biochemistry.  ’  ^  quantitative,  techniques  of 
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While  there  is  no  doubt  that  even  highly  purified  enzymes  are  in  a 
sense  non-specific  as  to  substrate,  precautions  can  be  taken  to  restrict 
their  action  as  far  as  possible  to  the  substrate  under  investigation. 
Ribonuclease  has  a  peculiar  advantage  in  this  respect  as  it  is  relatively 
heat-stable.  The  small  amount  of  proteolytic  activity  which  charac¬ 
terizes  most  preparations  can  be  removed  by  heating  for  a  few.  minutes 
at  80°C.  In  the  case  of  desoxyribonuclease  the  proteolytic  activity  can 
be  largely  eliminated  by  dilution. 

An  integral  part  of  the  enzymatic  technique  for  the  identification  of 
nucleic  acids  is  the  staining  of  enzyme -treated  and  control  sections  with 
basic  dyes  such  as  pyronin’.  While  staining  with  basic  dyes  by  no  means 
constitutes  a  cytochemical  technique  in  itself,  yet  the  number  of  different 
classes  of  compounds  in  tissues  which  show  basiphilia  is  small.  Thus 
while  removal  of  an  unspecified  part  of  a  cell  by  ribonuclease  is  no 
evidence  that  that  part  consists  largely  of  nucleic  acid,  the  removal  of 
the  basiphilic  property  of  a  cellular  region  by  this  enzyme  is  evidence 
that  this  part  of  the  cell  owes  its  basiphilia  to  the  presence  of  pentose 
nucleic  acid.  In  fact  the  kind  of  stains  used  and  the  reactions  developed 
to  them  are  as  important  a  part  of  the  technique  as  the  enzyme  treat¬ 
ment. 

In  addition,  comparison  of  the  ultraviolet  absorption  spectra  of 
regions  of  cells  before  and  after  ribonuclease  treatment  shows  that 
ribonuclease  selectivity  abolishes  at  certain  cytoplasmic  sites  the  charac¬ 
teristic  strong  U.V.  absorption  at  2,600  A.  due  to  purine  and  pyrimid¬ 
ine  containing  compounds^^-^®.  These  same  cytoplasmic  areas  are  also 
invariably  basophilic,  and  the  presence  of  pentose  nucleic  acids  can 
generally  be  shown  in  these  tissues  by  gross  biochemical  methods.  To 
deny,  on  the  basis  of  the  above  criteria,  that  sites  with  the  combined 
properties  of  purine-pyrimidine  absorption  and  basiphilia,  both  of 
which  are  removed  by  ribonuclease,  represent  sites  of  localization  of 
pentose  nucleic  acids,  is  to  show  a  timidity  not  normally  characteristic 
of  cytologists. 

It  therefore  appears  that  the  enzymatic  techniques  for  the  localization 
of  nucleic  acids  in  sections,  while  themselves  not  rigorous,  are  never¬ 
theless  valuable  adjuncts  to  other  cytochemical  methods,  but  should 
only  be  relied  on  to  give  data  of  a  confirmatory  nature.  Even  so,  they 
are‘  so  beset  with  pitfalls  that  it  is  suggested  that  certain  principles 
should  be  adhered  to  in  their  use  if  unreliable  results  are  to  be  avoided. 
These  are: 

1.  Only  crystalline  or  highly  purified  enzyme  preparations  shoulc  e 
used,  with  precautions  designed  as  far  as  possible  to  restrict  their 

action  to  a  single  substrate. 

2.  The  cell  destruction  produced  by  the  enzyme  should  he  con¬ 
sidered  only  in  relation  to  some  cellular  property  (basiphilia. 
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characteristic  U.V.  absorption)  which  has  at  least  some  specificity 
on  its  own  account. 

3.  The  reaction  should  only  be  performed  on  tissues  fixed  in  such  a 
way  as  to  preserve  the  substrates  in  a  form  which  is  still  susceptible 
to  the  action  of  the  enzyme.  All  steps  in  the  technique  should  be 
carefully  controlled  and  standardized,  and  a  control  slide  incubated 
in  distilled  water  included  to  check  on  possible  solvent  action  of 
the  buffers  used®®.  As  shown  by  Catcheside  and  Holmes^^,  enzyme 
reactions  performed  on  fresh  tissues  are  often  capricious  and  diffi¬ 
cult  to  interpret. 

4.  Negative  results  of  the  technique  should  be  neglected.  For  ex¬ 
ample,  removal  of  the  basiphilic  property  of  a  nucleus  by  desoxy- 
ribonuclease  confirms  the  presence  of  desoxypentose  nucleic  acid 
in  the  nucleus  in  question;  the  failure  of  the  reaction  does  not  show 
that  this  substance  is  absent. 

5.  The  results  of  enzyme  tests  on  sections  should  only  be  considered 
in  relation  to  evidence  obtained  by  other  methods. 


VI.  Micko-dissection 

In  spite  of  the  great  usefulness  of  micro -dissection  techniques  in  many 
fields  of  biology,  they  have  not  yet  been  universally  applied.  In  most 
instruments  the  movements  of  the  microneedle  are  brought  about  by 
screw  and  lever  mechanisms  resembling  the  fine  adjustment  of  a  micro¬ 
scope.  The  Chambers^^  and  Peterfi’®  designs  employ  three  such  me¬ 
chanisms  with  directions  of  movement  mutually  perpendicular  to  one 
another,  and  adjustment  of  three  separate  controls  is  thus  necessary 
to  bring  the  needle  to  a  predetermined  position  in  space.  Considerable 
skill  born  of  long  practice  must  be  acquired  to  do  this  wdth  ease  and 
precision,  and  the  labour  involved  may  have  mitigated  against  the 
universal  adoption  of  the  method.  Recently,  however,  an  entirely  new 
instrument  working  on  pneumatic  principles  has  been  developed®®, 
which  does  away  with  many  of  the  disadvantages  of  the  older  instru¬ 
ments  and  which  can  be  used  successfully  by  relatively  unskilled  opera¬ 
tors.  The  microneedle  is  moved  by  the  deformation  of  one  or  more  of 
three  tambours  by  air  pressure.  The  tambours  are  connected  by  rubber 
tubes  to  three  pistons  and  cylinders  set  at  right  angles  to  one  another 
1  he  movement  of  these  pistons  is  controlled  by  a  single  lever  resembling 
the  joystick  of  an  aircraft.  Movement  of  this  lever  in  a  horizontal  plane 
moves  one  or  both  of  the  horizontal  pistons,  while  the  vertical  one  is 
moved  by  rotating  the  handle.  With  a  little  practice  something  like  an 
independent  movement  of  the  microneedle  in  all  three  planes  can  be 
achieved  with  this  single  control  lever.  Such  an  instrument,  by  reason 
of  Its  remote  control,  is  free  from  vibration,  and  thus  need  not^be  mas¬ 
sively  constructed.  The  absence  of  screws  and  levers  also  makes  it  free 
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from  backlash.  A  variable  range  and  sensitivity  of  movement  of  the  tip 
of  the  microneedle,  in  conformity  with  the  size  of  the  field  of  view  at 
different  powers  of  the  microscope,  has  also  been  achieved.  A  sUding 
collar  is  fitted  around  the  vertical  control  handle  and  connected  by  rods 
to  the  pistons  which  move  the  needle  in  a  horizontal  plane.  A  move¬ 
ment  of  this  collar  alters  the  range  of  movement  of  the  piston  levers, 
and  thus  the  range  and  sensitivity  of  movement  of  the  microneedle. 

The  chief  disadvantages  of  this  instrument  at  present  are  its  high 
cost  and  dehcacy  of  construction.  Doubtless  the  future  will  see  the 
development  of  cheaper  and  more  robust  instruments  embodying  similar 
principles.  Since  this  article  went  to  press  such  an  instrument  has 
indeed  appeared^®. 

A  second  instrument  introduced  by  de  Fonbrune^®,  the  micro  forge, 
greatly  simphfies  the  manufacture  of  the  glass  instruments  necessary 
for  micro-dissection  work.  Whereas  previously  the  drawing  of  adequate 
pipettes  and  microneedles  required  great  skill,  while  it  was  not  possible 
to  produce  instruments  of  a  given  cahbre  at  will,  the  use  of  the  micro¬ 
forge  enables  pipettes  and  needles  of  standard  cahbre  easily  to  be  made. 
Manufacture  of  more  complex  instruments,  such  as  microscalpels,  is  also 

possible.  11- 

The  micro -dissection  work  of  Chambers  and  his  school  has  given  us 

considerable  information  as  to  the  physical  state  of  cells  and  tissues, 
and  the  behaviour  of  ceU  organelles  when  released  from  the  cell  into  an 
extraneous  medium.  With  the  new  instruments  available,  considerable 
progress  will  probably  be  made  with  such  techniques  as  micro -injection, 
in  order  to  find  out  as  much  as  possible  of  the  chemical  organization  of 
the  interior  of  cells.  In  order  that  this  may  be  done,  it  wiU  first  of  all 
be  necessary  to  develop  a  neutral  medium  which  can  be  injected  into 
ceUs  without  altering  their  organization.  A  promising  beginning  m  this 
direction  has  already  been  made^®. 
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CHAPTER  I  {cont.) 

CYTOLOGICAL  TECHNIQUES 
C.  MICROSCOPY 
By  R.  BARER 

i.  Introduction 

Few  methods  of  cytological  research  are  as  satisfactory  as  that  of 
direct  observation.  Much  can  be  inferred  by  indirect  physiological 
and  chemical  methods,  but  in  the  long  run  such  inferences  must  be 
correlated  with  the  structure  of  the  cell  as  observed  by  means  of  the 
microscope.  It  would  be  impossible  to  cover  all  aspects  and  methods 
of  microscopy  in  a  short  article.  Apart  from  a  brief  discussion  of  a  few 
selected  fundamental  principles  we  shall  be  concerned  here  mainly  with 
the  potentialities  and  limitations  of  certain  new  methods  of  microscopy. 
For  a  more  detailed  account  of  routine  microscopy  the  reader  is  referred 
to  such  works  as  those  of  Barnard  and  Welch^®,  Beck^^,  and  Shillaber^®^. 
The  last -mentioned  is  a  modern  work  containing  a  wealth  of  valuable 
information,  which  should  be  accessible  to  all  serious  microscopists. 

ii.  Some  General  Principles  of  Microscopy 

In  general  there  are  two  main  aims  in  all  methods  of  microscopy. 
(1)  The  formation  of  a  magnified  image  as  free  as  possible  from  optical 
defects  or  aberrations. 

At  first  sight  this  might  seem  to  be  all  that  is  required,  but  a  moment’s 
refiection  shows  that  this  is  by  no  means  the  case.  Many  objects,  for 
example  living  cells,  which  are  of  particular  interest  to  the  cytologist, 
would  be  almost  invisible  if  examined  under  a  microscope  designed  to 
fulfil  this  first  condition  alone.  Mere  magnification  is  not  necessarily 
enough;  what  is  required  is  (2)  Contrast,  i.e.  a  difference  in  intensity  or 
colour  between  various  points  in  the  object  and  the  background.  It  is 
this  factor  which  determines  whether  the  magnified  image  can  be  seen. 
The  human  eye  and  the  photographic  plate  are  sensitive  to  intensity  or 
amplitude  variations  in  the  incident  light,  and  all  methods  of  micro¬ 
scopy  depend  on  different  means  of  producing  such  variations. 

a.  Numerical  Aj^erture  and  Resolution 

The  resolving  power  of  a  microscope,  or  the  ability  to  distinguish  two 
close  points  as  separate,  is  not  a  question  of  magnification  alone.  There 
IS  a  limit  of  magnification  beyond  which  no  new  detail  can  be  observed. 
The  ability  to  resolve  detail  is  governed  by  an  optical  constant  of  the 
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system  known  as  the  Numerical  Aperture  (NA).  This  concept  was  intro¬ 
duced  by  Abbe  in  1873.  In  Text-fig.  1  a  cone  of  rays  of  light  enters 


a  lens  from  a  point  0.  Let  u  be  the 
semi-angle  of  this  cone,  and  n  the 
refractive  index  of  the  medium.  Then 
the  NA  is  defined  as  nsmu.  The  NA 
of  the  objective  lens  and  condenser  is 
a  matter  of  fundamental  importance 
in  microscopy.  In  general  the  NA  of 
the  condenser  should  be  approximately 
equal  to  that  of  the  objective,  though 
in  practice  it  is  often  shghtly  less. 
The  working  NA  of  the  system  is  the 
mean  of  the  NA  of  the  objective  and 
that  of  the  condenser.  Several  pro¬ 
perties  of  the  optical  system  depend 
on  the  NA. 


0 

N  A=n  sin  u 

Text-fig.  1.  Numerical  aperture. 


1.  The  resolution  is  given  hy  R  —  A:A/NA  where  A  is  the  wavelength 
and  k  is  variously  given  as  0-5  (Abbe)  or  0-61  (Rayleigh).  Thus 
the  greater  the  NA  the  greater  the  resolving  power. 

2.  The  amount  of  fight  transmitted  by  a  lens  is  proportional  to  the 
square  of  the  NA. 

3.  The  depth  of  field  decreases  as  the  NA  increases. 

It  will  be  noticed  that  the  expression  ?isin2t  for  the  NA  of  a  lens 
includes  the  term  n,  the  refractive  index  of  the  medium  between  the 
lens  and  the  object.  If  more  than  one  medium  is  present,  the  NA  is 
determined  by  the  least  refractile  medium.  Thus  if  there  is  a  layer  of 
air  between  object  and  objective  the  NA  cannot  possibly  exceed  1-0,  no 
matter  what  the  nominal  rating  of  the  lens  may  be.  Similarly,  if  the 
object  is  immersed  in  water  the  NA  cannot  exceed  1*33.  The  highest 
NAs  are  obtained  by  the  use  of  immersion  oils,  chosen  ‘to  match  the 
lens  material  in  refractive  index  and  dispersive  power.  The  highest  NA 
in  general  use  in  a  microscope  objective  is  1*4,  though  lenses  have  been 
designed  (for  immersion  in  monobromide  of  naphthaline)  with  an  NA 
of  1-6.  Similar  considerations  apply  in  the  case  of  the  condenser.  No 
condenser  can  have  an  NA  greater  than  1-0  unless  there  is  a  layer  of 
oil  or  other  liquid  between  it  and  the  object.  If  an  objective  of  NA  1*4 
is  used  in  conjunction  with  a  dry  condenser  the  maximum  working  NA 
is  reduced  to 


2 


For  detailed  cytological  work  involving  the  highest  resolution  an  oil 
immersion  condenser  is  essential. 

We  have  seen  that  there  is  a  limit  of  magnification  beyond  which  no 
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new  detail  can  be  resolved.  This  limit  is  theoretically  250  times  the  N.A. 
However,  this  formula  presupposes  perfect  eyesight  and  in  practice  a 
limit  of  1,000  times  the  NA  is  usually  taken.  Greater  magnifications 
than  this  usually  result  in  some  loss  of  definition  in  the  image. 


b.  Lens  Aberrations 

No  lens  produces  a  perfect  image.  Apart  from  theoretical  considera¬ 
tions  the  performance  of  a  lens  is  limited  in  practice  by  a  number  of 
factors  called  aberrations.  These  can  be  divided  into  those  due  to  the 
lens  material  and  those  due  to  the  lens  shape. 


c.  Chromatic  Aberration 

Is  due  to  the  fact  that  the  refractive  index  of  the  lens  material  varies 
with  the  wave-length  of  the  light  employed.  One  result  is  that  blue  rays 
are  brought  to  a  focus  closer  to  the  lens  than  are  red  rays.  This  effect 
is  known  as  longitudinal  chromatic  aberration,  or  chromatic  error  of 
focus.  Another  manifestation  of  chromatic  aberration  is  lateral  chro¬ 
matic  aberration,  or  chromatic  error  of  magnification  which  results  in 
a  lens  having  different  magnifications  for  different  wave-lengths. 


d.  Spherical  Aberration 

Is  the  most  important  of  those  aberrations  due  to  lens  form,  the  others 
being  coma,  astigmatism,  curvature  of  the  field,  and  distortion.  It  is 
due  to  the  fact  that  rays  passing  through  peripheral  zones  of  a  lens  do 
not  in  general  come  to  the  same  focus  as  rays  passing  through  the  central 
zones.  This  results  in  loss  of  light  and  blurring  of  the  image. 


e.  Correction  of  Aberrations 

It  is  possible  to  minimize  or  even  eliminate  spherical  aberration  at 
certain  wave-lengths  by  suitable  design  of  lens  shape  (e.g.  aspherical 
lenses)  or  by  the  addition  of  correcting  lenses  of  proper  curvature.  The 
latter  is  the  method  usuaUy  adopted  in  the  case  of  microscope  objec¬ 
tives.  The  problem  of  chromatic  aberration  is  impossible  to  solve  com- 
p  etely  with  lenses,  and  aU  that  can  be  achieved  is  a  useful  compromise 
over  a  more  or  less  narrow  band  of  wave-lengths.  One  method  is  to  use 
a  monochromatic  objective,  i.e.  one  corrected  for  spherical  aberration 
at  a  certain  wave-length,  in  conjunction  with  monochromatic  light  of 
that  wave-lei^th.  Such  objectives  are  used  with  the  quartz  ultraviolet 
microscope.  They  are  usually  meant  to  be  used  at  2,750  A.U  If  used 

necessary  to  refocus,  and  the  introduction  of 
p  erical  aberration  results  m  some  deterioration  of  the  image,  particu- 

“fracti  ve  of  different 

retractive  indices  in  such  a  way  as  to  bring  light  of  two  different  colours 

o  a  common  focus.  They  are  usually  corrected  for  the  C  and  F  hnes 
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(i.e.  6,563  A.U.  and  4,861  A.U.),  which  means  that  wave-lengths  within 
this  range  contribute  to  the  image.  Spherical  aberration  is  corrected  for 
an  intermediate  wave-length,  usually  about  5,600  A.U.,  in  the  yellow- 
green.  Thus  for  the  best  results  such  lenses  should  be  used  with  a 
yellow-green  or  green  filter.  Such  filters  are  very  useful.  The  colour  is 


restful  and  pleasing  to  the  eye,  which  is  very  sensitive  in  the  yellow- 
green  region.  Glare  is  reduced,  and  contrast  is  improved  with  many 
routine  biological  stains. 

The  best-corrected  objectives  now  obtainable  are  known  as  (tpochvo- 
mats.  These  were  introduced  by  Abbe  in  1 886  and  contain  fluorite  and 
other  special  glasses.  Their  performance  is  greatly  superior  to  that  of 
the  achromats  since  they  are  chromatically  corrected  for  three  colours, 
usually  the  C,  F,  and  G  (4,308  A.U.)  lines,  and  are  spherically  corrected 
for  tw'o  colours.  In  practice  apochromats  should  yield  excellent  images 
throughout  most  of  the  visible  spectrum,  even  without  the  use  of  colour 
filters.  They  should  be  used  with  compensating  eyepieces  in  order  to 
eliminate  residual  chromatic  error  of  magnification.  Apart  from  price, 
the  chief  disadvantages  of  the  apochromats  are  the  greater  curvature 
of  the  field  of  view  which  they  produce  and  the  fact  that  they  require 
very  critical  adjustment  for  optimum  performance.  For  visual  w'ork 
involving  the  very  utmost  in  resolution  they  are  supreme,  but  for  many 
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purposes  a  correctly  used  achromat,  together  with  a  green  filter,  will 
give  an  image  which  is  almost  as  good.  Another  range  of  objectives, 
often  called  semi-apochromats,  is  manufactured  by  some  firms  (e.g.  the 
Cooke  fluorite  objective  and  the  Watson  Holoscopic  series).  These  have 
corrections  intermediate  between  those  of  the  achromats  and  apochro- 
mats,  and  give  an  excellent  performance  when  used  with  a  green  filter. 
Text-fig.  2  shows  colour  curves  for  typical  achromatic,  fluorite,  and 
apochromatic  objectives. 

/.  The  Coridenser 

It  is  probably  true  to  say  that  no  component  of  the  microscope  is  so 
frequently  misused  as  the  substage  condenser.  Many  medical  and  bio¬ 
logical  students  and  even  research  workers  appear  to  regard  the  con¬ 
denser  and  its  iris  diaphragm  solely  as  a  means  of  controlhng  the 
intensity  of  illumination.  Nothing  could  be  farther  from  the  truth. 
The  corrections  of  a  condenser  need  not  be  as  good  as  those  of  an  objec¬ 
tive,  but  they  should  not  fall  far  short.  Moreover,  the  condenser  must 
be  used  properly.  There  is  in  general  only  one  correct  setting  for  the 
condenser  and  its  diaphragm  for  a  given  illuminating  system  and  objec¬ 
tive.  Only  very  minor  deviations  from  this  setting  are  permissible.  The 
condenser  should  not  be  ‘racked  down’  in  order  to  obtain  more  even 
illumination  or  to  reduce  glare  or  intensity.  Nor  should  the  substage 
iris  diaphragm  be  used  for  similar  purposes.  Its  sole  function  is  to  limit 
the  effective  NA  of  the  condenser.  It  is  true  that  reducing  the  diameter 
of  this  diaphragm  often  improves  contrast,  but  only  at  the  expense  of 
resolution.  The  diaphragm  should  be  adjusted  to  such  a  size  as  to  supply 
a  cone  of  light  of  NA  equal  to  (or  in  practice  usually  slightly  less  than) 
that  of  the  objective. 

There  are  three  types  of  condenser  in  general  use.  The  uncorrected 
Abbe  condenser  is  mentioned  only  to  be  condemned.  It  is  quite  useless 
for  high -resolution  work  in  cytology.  Its  few  virtues  include  cheapness 
and  ease  of  adjustment.  The  aspherical  aplanatic  condenser  is  capable 
of  giving  excellent  results,  but  is  not  chromatically  corrected  and  is  best 
used  with  a  green  filter.  The  achromatic-aplanatic  condenser  is  un¬ 
doubtedly  the  best  for  critical  work  and  should  be  used  wherever  pos¬ 
sible.  To  feed  an  expensive  apochromat  by  means  of  an  Abbe  condenser 
would  be  like  running  a  high-speed  aeroplane  on  crude  fuel.  Apart  from 
defective  illumination  and  loss  in  resolving  power  the  use  of  an  uncor¬ 
rected  or  wrongly  adjusted  condenser  manifests  itself  chiefly  by  glare 
and  loss  of  contrast.  A  basic  principle  in  all  methods  of  illumination 
or  microscopy  is  that  the  area  of  object  illuminated  should  not  be 
greater  than  the  field  of  the  objective.  If  this  condition  is  not  adhered 
to  stray  light  may  enter  the  objective  from  parts  of  the  specimen  not 
in  the  field  of  view,  with  resultant  glare.  A  poorly  corrected  condenser 
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usually  illuminates  areas  outside  the  field  of  view,  and  produces  exces¬ 
sive  stray  light. 

g.  Methods  of  Illumination 

The  theory  underlying  the  formation  of  images  by  the  microscope  is 
far  from  simple  (see  Rayleigh®^,  IMartin’^).  At  one  time  it  was  believed 
that  an  approach  to  a  perfect  image  could  only  be  made  if  the  object 
were  self-luminous.  This  is  only  rarely  the  case  and  in  practice  most 
specimens  are  illuminated  by  ‘borrowed’  light.  It  was  suggested  that 
the  object  could  be  made  to  behave  as  a  self-luminous  body  if  an  image 
of  the  source  of  light  were  focused  on  it.  This  was  the  basis  of ‘critical’ 
illumination.  It  is  now  known  that  this  condition  is  unnecessary  and, 
indeed,  is  unattainable  in  practice  (Hartridge®®).  The  essential  feature 
of  any  method  of  illumination  is  that  as  large  an  area  as  possible  of  the 
objective  aperture  should  be  uniformly  filled  with  light.  Ideally  the 
entire  aperture  should  be  filled,  but  in  practice  glare  limits  the  illumina¬ 
tion  to  between  two-thirds  and  nine-tenths  of  the  aperture.  The  Kohler 
method  of  illumination  (Kohler®’)  and  its  modifications  are  particularly 
recommended.  An  image  of  the  source  is  focused  by  means  of  a  suitable 
lens  on  to  the  diaphragm  of  the  substage  condenser.  The  image  of  a 
field  stop  (usually,  but  not  necessarily,  an  iris  diaphragm  situated  at  the 
lamp)  is  then  focused  by  the  condenser  on  to  the  plane  of  the  specimen. 
If  the  image  of  the  source  is  large  enough  to  fill  the  condenser  aperture, 
the  objective  aperture  should  be  uniforml}?^  fiUed  with  light.  The  con¬ 
denser  aperture  diaphragm  should  be  adjusted  until  between  two-thirds 
and  nine-tenths  of  the  objective  aperture  is  illuminated.  The  importance 
of  the  field  stop  cannot  be  over-emphasized.  It  offers  a  convenient 
method  of  controlling  the  size  of  the  source  and  is  a  most  potent  factor 
in  reducing  glare.  The  image  of  the  field  stop  should  not  be  greater  than 
is  required  to  fill  the  field  of  view  and  may  frequently  be  made  much 
smaller  in  order  to  improve  contrast.  The  proper  use  of  the  field  stop 
may  make  all  the  difference  between  visibility  and  invisibility  of 

difficult  details. 


iii.  Methods  of  Microscopy 
a.  Conventional  Microscopy 

This  refers  to  the  ordinary  use  of  the  lens  microscope  for  studying 
stained  and  unstained  specimens.  We  have  already  seen  that  this 
method  is  liable  to  prove  very  unsatisfactory  with  living  unstained  cells 
owing  to  lack  of  contrast.  Fixation  followed  by  staining  is  resorted 
to  as  a  method  of  improving  contrast.  This  is  an  unfortunate  neces¬ 
sity  as  artefacts  are  inevitably  produced.  Gutman  and  Young®^  ha\e 
expressed  the  matter  very  well  in  discussing  the  structure  of  the  muscle 

end-plate. 
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In  considering  the  relationship  it  must  always  be  kept  in  mind  that  the 
tissues  have  been  fixed  and  stained,  which  cannot  fail  to  have  altered  the 
appearance  and,  indeed,  are  designed  to  do  so.  The  object  of  fixation  and 
staining  is  not  to  discover  the  appearance  of  the  living  organs  which  we  know 
to  be  transparent.  What  the  biologist  does  wish  to  know  is  the  relationship 
between  the  nerve  as  a  conductor,  the  end-plate  as  a  conductor  and,  if 
possible,  the  muscle  as  a  contractor.  The  fixation  and  staining  of  the  prepara¬ 
tion  and  the  looking  at  it  are  experiments  designed  to  clarify  these  relation¬ 
ships. 

We  shall  not  discuss  this  method  of  microscopy  further  since  it  is  very 
adequately  dealt  with  in  many  standard  works^®’^^'^®®. 


6.  Phase-Contrast  Microscopy 

We  have  already  seen  that  the  human  eye  and  photographic  plate  are 
sensitive  to  amplitude  or  intensity  changes  in  light.  An  object  such  as 
a  living  cell  is  highly  transparent  and  produces  very  little  intensity 
change  in  the  transmitted  light.  This  does  not  mean  that  the  latter  is 
unaltered.  On  the  contrary,  every  variation  in  thickness  and  refractive 
index  in  the  object  produces  a  phase  change  in  the  incident  light. 
A  simple  example  will  serve  to  illustrate  the  fact  that  the  eye  cannot 
appreciate  phase  changes.  When  we  look  through  a  transparent  window 
or  a  pair  of  spectacles,  the  incident  light  is  retarded  in  passing  through 
the  glass  so  that  it  arrives  at  the  eye  a  fraction  of  a  second  later  than 
it  otherwise  would.  This  light  is  said  to  have  undergone  a  phase  altera¬ 
tion  due  to  the  refractivity  of  the  glass.  Yet  a  clean,  homogeneously 
transparent  window  is  quite  invisible  in  the  absence  of  reflections. 


Clearly,  what  is  required  for  the  study  of  living  cells  and  other  trans¬ 
parent  material  is  a  method  of  microscopy  which  converts  phase  varia¬ 
tions  into  intensity  variations.  This  is  precisely  w^hat  is  achieved  by 
phase -contrast  microscopy.  The  method  was  flrst  conceived  by  Zer- 
nike  ®  and  used  for  the  purpose  of  testing  telescope  mirrors.  Zernike^^"^ 
later  adapted  the  method  to  microscopy.  Important  pioneer  work  was 
carried  out  in  Britain  by  Burch  (Burch  and  Stock^i)  before  commercial 
equipment  became  available.  The  Zernike  system  was  developed  by 
the  firm  of  Zeiss  (see  Kohler  and  Loos’O)  with  good  results. 

At  the  time  of  writing  phase-contrast  equipment  is  put  on  the  market 
by  Cooke,  Troughton,  and  Simms  in  this  country  and  by  the  American 
Optical  Company  (Spencer)  and  Bausch  and  Lomb  in  America.  Inten¬ 
sive  research  is  going  on  in  a  number  of  laboratories,  and  several  firms, 
including  Watsons  and  Beck,  intend  to  produce  their  own  models. 

s  regards  the  theory  of  the  method,  it  must  be  stressed  that  it  is 
impossible  to  give  an  adequate  explanation  without  the  use  of  mathe- 

aranm  ""I  Without  accepting  the  results  of  the  mathematical 

argument.  Those  interested  should  consult  two  important  papers  by 
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Zernike^^'^.  The  writer  has  given  a  brief  non-mathematical  summary 
of  the  essential  argument  of  this  work  in  a  recent  article  (Barer®).  The 
papers  of  Burch  and  Stock®\  Martin’®,  and  Bennett  et  al.^^  should  also 
be  consulted.  Briefly,  the  theory  of  the  microscope  shows  that  the  final 
image  can  be  regarded  as  the  result  of  interference  between  the  direct 
(geometrical)  image  and  a  number  of  lateral  or  diffracted  images.  For 

A 


a 


Text-fio.  3.  Vector  representation  of  (a)  amplitude  grating ;  (6)  phase  grating. 

simplicity,  we  may  take  as  the  object  a  grating  composed  of  a  large 
number  of  close  parallel  bars.  Two  sorts  of  grating  can  be  considered. 
One  in  which  the  absorption  of  alternate  bars  differs — an  amplitude 
grating,  and  the  other  in  which  alternate  bars  are  equally  transparent 
but  differ  in  refractive  index — a  phase  grating.  It  can  be  shown  that 
the  final  image  can  be  represented  diagrammatically  as  being  composed 
of  a  number  of  vibrations  or  vectors.  In  Text-fig  3  {a)  the  vectors  repre¬ 
senting  the  image  of  the  amplitude  grating  are  shown.  Text-fig.  3  {b) 
shows  the  representation  of  the  image  of  the  phase  grating.  The  first 
grating  will  be  visible,  the  second  will  generally  be  invisible  or  only 
faintly  visible.  Now  according  to  the  mathematical  analysis  the  two 
sets  of  vectors  in  Text-figs.  3  {a)  and  3  {b)  differ  only  in  that  the  lateral 
vectors  are  rotated  90°  relative  to  each  other.  The  central  vectors  are 
identical.  If,  therefore,  it  were  possible  to  rotate  the  lateral  vectors  of 
Text-fig.  3  (6)  by  90°  without  affecting  the  central  vector,  the  result 
would  be  that  the  phase  grating  would  appear  to  the  eye  as  if  it  were 
an  amplitude  grating!  This  remarkable  result  is  achieved  in  practice 
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by  an  arrangement  which  separates  the  geometrical  image  from  the 
diffracted  images.  In  order  to  do  this  it  is  necessary  to  have  a  diaphragm 
of  convenient  shape  such  as  a  linear  slit  or  an  annulus,  situated  at 
the  front  focal  plane  of  the  substage  con¬ 
denser.  An  image  of  this  diaphragm  is  formed 
at  the  back  focal  plane  of  the  objective.  If 
an  object  is  present  between  the  condenser 
and  objective,  a  number  of  diffracted  images 
of  the  diaphragm  will  also  be  formed  as  well 
;as  the  direct  image.  In  general,  however,  the 
diffracted  images  will  overlap  considerably 
and  may  not  be  individually  distinguishable 
(see  Conrady^®,  Barer®).  A  phase  plate  is 
now  placed  at  or  near  to  the  back  focal  plane 
of  the  objective.  This  consists  essentially  of 
a  transparent  disk  containing  a  groove  (or 
an  elevation)  of  such  a  shape  and  size  as  to 
coincide  with  the  direct  image  of  the  substage 
diaphragm  (Text-fig.  4).  The  depth  of  the 
groove  or  elevation  and  the  refractive  index 
of  the  plate  are  so  arranged  as  to  cause  the 
rays  forming  the  direct  image  to  differ  in 
optical  path  by  one-quarter  of  a  wave-length 
from  those  forming  the  diffracted  images. 

A  quarter  of  a  wave-length  change  in  path  is 
equivalent  to  a  90°  change  of  phase,  so  that 
by  separating  the  direct  and  diffracted  images 
and  making  them  pass  through  different 

regions  ot  the  phase  plate,  we  have  achieved  ducing  phase  -  contrast 
the  theoretically  desired  condition.  The  exten-  iO'juiiination.  p  annular 

Sion  01  the  mathematical  theory  to  objects  condenser.  s  object 
other  than  gratings  is  difficult,  but  it  is  ^objective  lens. 

possible  to  represent  a  more  general  type  of  lar  groove.  E  eyepiece, 
object  by  another  type  of  vector  diagram.  In  Text-fig.  5  the  vector  OM 
represents  a  vibration  whicli  has  passed  through  the  object  without 
suffering  either  a  change  of  amplitude  or  phase.  Vibrations  which  have 
on  y  suffered  a  change  of  amplitude  can  be  represented  by  vectors  such 
as  0(?  along  Oy,  the  length  OQ  being  proportional  to  the  amplitude. 
Vibrations  which  have  been  altered  in  phase,  but  not  in  intensity,  will  be 
represented  by  vectors  such  as  OP,  OP',  whose  terminal  points  lie  on  the 
circumference  of  ^e  circle  with  OM  as  radius.  The  amount  of  phase 

u  ^  Vib^tions  which  have  undergone 

such®  u  ^"'Pbtude  will  be  represented  by  vectors 

such  as  OF,  where  the  length  OF  represents  the  amplitude  and  the 
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angle  VOM  the  phase  change.  The  direct  undiffracted  image  can  be 
represented  by  the  vector  OG  which  is  the  mean  of  all  the  vectors 
representing  the  object.  The  effect  of  the  phase  plate  is  to  turn  this 
vector  through  90°,  which  is  equivalent  to  shifting  the  origin  from  0  to 
O'  (positive  phase  contrast)  or  to  0"  (negative  phase  contrast).  Although 
it  may  not  be  obvious  at  first  sight,  this  method  of  representation  is 
almost  identical  with  that  given  by  Martin’®.  It  is  a  very  useful  and 


Text-fig.  5.  Vector  representation  of  a  general  type  of  microscopical  image  (see  text). 

simple  method,  and  enables  many  practical  points  to  be  understood. 
Let  us  first  consider  an  object  composed  almost  entirely  of  phase 
changing,  non-absorbing  material,  such  as  occurs  in  a  highly  transparent 
hving  cell.  Let  the  phase  changes  be  small.  Such  an  object  will  be 
represented  by  points  such  as  P,  P'  on  or  very  near  to  the  circumference, 
close  to  M  (Text-fig.  5).  With  ordinary  illumination,  0  is  the  origin  and 
the  intensities  of  the  vibrations  are  proportioned  to  {OPf  and  (OP')^ 
&c.  (since  the  intensity  is  proportional  to  the  square  of  the  amplitude). 
These  quantities  are  all  very  nearly  equal  so  that  we  should  expect  very 
little  contrast.  If,  on  the  other  hand,  we  use  phase -contrast  illumina¬ 
tion  and  have  O'  as  our  new  origin,  the  intensities  are  proportional  to 
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{O'P)^,  {O'P')^,  &c.  These  quantities  may  differ  by  quite  considerable 
amounts,  so  that  good  contrast  will  result.  With  O'  as  origin,  areas  of 
high  refractive  index  will  appear  darker  than  those  of  low  refractive 
index.  With  negative  phase  contrast  (origin  at  0")  the  reverse  is  true. 
For  small  changes  of  phase,  the  relationship  between  intensity  and 
refractivity  will  be  roughly  linear.  This  vector  diagram  brings  out 
another  useful  point.  If  it  were  possible  to  bring  0'  to  some  point  such 
as  A  nearer  to  the  group  of  points  representing  the  object,  then  the  ratio 
of  {AP)"^  to  {AP')^,  i.e.  the  contrast,  would  be  increased.  This  can  be 
achieved  in  practice  by  using  a  partly  absorbing  phase  plate,  and  is  a 
valuable  method  of  increasing  contrast  in  difficult  cases.  It  will  also  be 
appreciated  that  while  the  90°  phase  plate  may  give  the  best  results  in 
many  cases,  there  is  no  real  reason  why  this  value  should  be  rigidly 
adhered  to.  With  some  types  of  object  other  phase  changes  may  be 
more  suitable.  Indeed,  ideally  we  should  Uke  to  be  able  continuously 
to  vary  both  the  phase  and  amphtude  (absorption)  characteristics  of  the 
phase  plate.  Care  must  be  taken,  how  ever,  to  ensure  that  the  new  origin 
is  not  shifted  to  some  point  such  as  D,  within  the  main  cluster  of  points. 
If  this  does  occur  some  points  will  appear  with  reversed  contrast,  i.e.  a 
dark-ground  effect  wiU  be  produced.  It  is  frequently  stated  that  phase- 
contrast  illumination  is  of  no  value  for  the  study  of  stained  or  absorbing 
material.  This  is  a  sweeping  generahzation  based  on  a  rather  special 
case.  If  the  object  were  composed  entirely  of  absorbing  points  (repre¬ 
sented  by  vectors  on  OM)  then  it  would  be  true  that  shifting  the  origin 
from  0  to  O'  would  result  in  loss  of  contrast.  However,  most  stained 
biological  material  consists  of  points  (F,  V)  which  both  absorb  and 
retract  hght.  In  such  a  case,  contrast  may  be  improved,  particularly 
m  areas  which  have  remained  unstained  or  very  lightly  stained  (Barer®) 

It  IS  always  worth  examining  a  stained  section  by  phase  contrast  illu¬ 
mination,  as  extra  details  are  frequently  revealed.  It  must  be  remem¬ 
bered,  however,  that  staining  usually  exhibits  some  degree  of  specificity 
whereas  phase-contrast  is  non-specific  and  renders  visible  aU  refractfie 
changes  of  sufficient  magmtude.  This  non -specificity  may  be  very  con- 
using  with  certain  types  of  material,  e.g.  nervous  tissue  (Barer®).  ^Some 
mg  ceUs  are  so  fuU  of  cytoplasmic  granules  as  to  obscure  the  Lcleus 
and  It  IS  rarely  possible  to  predict  the  suitability  of  any  given  material 
for  examination  by  phase-contrast  microscopy  ^  ^  ^ 

equipment  as  marketed  by  Cooke,  Trough- 

consists  of  a  set 

of  objectives  each  containing  a  fixed  phase  plate,  and  a  condenser  tfth 
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characteristics  of  the  phase  plate.  The  American  Optical  Company 
produces  a  special  set  of  objectives  with  a  variety  of  interchangeable 
phase  plates  (Bennett  et  Richards^®).  This  makes  the  apparatus 

rather  more  elaborate  and  expensive,  and  seems  scarcely  warranted  for 
ordinary  routine  use,  though  most  valuable  to  the  research  c^tologist. 
More  elaborate  methods  of  obtaining  continuous  variation  of  phase  and 
amplitude  have  also  been  described  (Osterberg^^  Hartley^^;  Taylori^i; 
Kastler  and  Montarnal®®).  These  depend  on  the  use  of  polarized  light 
and  an  arrangement  whereby  the  direct  and  diffracted  images  are 
polarized  differently  so  that  the  desired  phase  difference  between  the 
two  can  be  controlled  by  means  of  a  birefringent  plate  or  compensator 
(see  section  on  the  polarizing  microscope).  Such  apparatus  is  rather 
cumbersome  and  presumably  could  only  be  used  for  the  study  of  a  non- 
birefringent  object,  so  that  it  is  greatly  to  be  hoped  that  other  methods 
of  achieving  the  same  result  will  be  developed. 

Although  the  commercial  equipment  is  convenient  and  efficient  it  is 
possible  for  any  keen  amateur  to  construct  his  own  phase  contrast 
apparatus.  Instructions  for  making  phase  plates  have  been  given  by 
Burch  and  Stock^i,  Zernikei^’,  and  Salmon^^.  The  commercial  equip¬ 
ment  is  preferable  since  it  enables  the  user  to  change  over  rapidly  from 
one  objective  to  another  and  from  normal  to  phase-contrast  illumination. 

The  method  of  using  the  microscope  for  phase-contrast  illumination 
differs  in  no  essential  respects  from  that  for  other  methods  of  micio 
scopy.  Some  form  of  K5hler  illumination  is  to  be  preferred  both  for 
visual  and  photographic  work.  The  correct  use  of  the  field  stop  is 
particularly  important  for  improving  contrast.  The  intensity  of  illumi¬ 
nation  is  generally  rather  less  than  with  normal  illumination  and  a  fairly 
intense  source  is  necessary  for  high-power  work.  A  low  voltage,  high 
wattage  tungsten  lamp  is  quite  suitable.  There  is  a  common  belief  that 
since  the  function  of  the  phase  plate  is  to  introduce  a  quarter  of  a  wave¬ 
length  change  of  phase,  only  monochromatic  light  may  be  used.  This 
is  erroneous.  As  we  have  seen,  it  is  not  essential  for  the  phase  change 
to  be  exactly  one-quarter  of  a  wave-length,  and  indeed  other  values 
may  be  more  desirable  on  occasion.  In  practice,  approximately  mono¬ 
chromatic  green  hght  yields  the  best  results  and  the  adv^antages  of  a 
green  filter  for  use  with  achromatic  objectives  apply  as  much  to  phase- 
contrast  illumination  as  to  other  methods,  but  there  is  no  great  objec¬ 
tion  to  the  use  of ‘white’  light  or  other  colour  filters.  It  is  often  stated 
that  the  metliod  can  only  be  used  for  very  thin  objects  such  as  single 
cells.  While  it  is  true  that  such  material  gives  the  best  results,  it  should 
be  realized  that  it  is  transparency  rather  than  thickness  which  is  the 
limiting  factor.  Thus,  transparent  objects  such  as  certain  insect  larvae 
are  very  suitable  for  phase-contrast  microscopy,  e\en  though  t  leir 
thickness  is  appreciable  (Barer®).  Thin,  single  cells  such  as  certain 
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protozoa,  spermatozoa,  and  cells  in  tissue  culture  are  ideal  objects. 
Cells  from  almost  any  tissue  can  be  examined  in  the  teased  state.  Such  cells 
may  be  flattened  slightly  by  mounting  under  a  cover-slip,  but  any  greater 
degree  of  flattening  is  strongly  to  be  deprecated.  Many  observations 
have  shown  that  such  treatment  causes  pronounced  changes  in  the 
structure  of  the  cell,  which  can  no  longer  be  regarded  as  normal  or  even 
viable. 

Phase-contrast  microscopy  gives  the  cytologist  what  he  has  often 


sought  but  never  hitherto  attained — a  method  of  observing  living  cells 
under  excellent  optical  conditions.  It  is  at  last  possible  to  be  reasonably 
certain  that  what  is  seen  bears  a  good  resemblance  to  what  is  actually 
present  in  the  living  cell.  The  usual  method  of  examining  such  cells  in 
the  past  has  been  to  reduce  the  condenser  aperture  while  altering  the 
focus  of  the  objective.  It  is  not  generally  appreciated  that  under  these 
conditions  the  image  is  best  seen  only  when  it  is  slightly  out  of  focus. 
This  is,  in  fact,  a  very  crude  method  of  obtaining  phase-contrast,  by 
introducing  optical  path  differences  between  rays  of  different  obliquity, 
due  to  change  of  focus.  At  the  same  time,  the  reduction  of  the  con¬ 
denser  aperture  results  in  a  serious  decrease  in  resolving  power,  and 
detail  tends  to  be  lost  in  a  haze  of  diffraction  rings.  The  phase-contrast 
films  of  mitosis  in  tissue  culture  cells  made  by  Michel  in  Germany  and 
Hughes  at  Cambridge  illustrate  the  great  technical  superiority  of  phase- 
contrast  over  the  older  methods.  From  the  point  of  view  of  cytological 
research  phase-contrast  enables  us  to  study  such  things  as  the  chromo¬ 
somes,  mitochondria,  and  Golgi  apparatus  in  the  living  state,  free  from 
artefacts  due  to  fixation  and  staining.  Some  reorientation  of  our  views 
on  ceU  structure  is  clearly  necessary.  Whereas  in  the  past  our  concep- 
lon  of  the  ‘normal’  cell  has  been  based  on  the  appearance  following 
some  particular  method  of  fixation  and  staining,  we  must  now  take  the 

'''''  see  how  far  its  appearance  has  been 

routine  histological  procedures.  Phase-contrast  microscopy 
reveal  the  presence  of  numerous  cytoplasmic  inclusions  in  the  living 

fbv'T.n«v"^  into  two  broad  classes,  small  dark 

(  y  positive  phase-contrast)  granules  and  rodlets,  generally  numerous 
and  larger  bright  spherical  bodies  or  vacuoles  with  dark  rims,  generally 

correspond  to  the'clS 
Crawford«  lias  ‘^PP’‘’'atus  as  described  by  some  authors. 

an7has  foun^tfat  Jh  ‘^t^  inclusions 

a  has  tound  that  the  dark  granules  stain  with  Janus  dyes  whereas 
the  spherical  bodies  take  up  Neutral  Red.  In  most  cases  Lutral  Red 
appears  to  accumulate  in  preformed  granules  or  vacuoles  but  this  is  not 

■  srs  “  T” 

structur.  of  tl,o  Oolgi  .|.porotuo,  but  it  should  porhops  ho  st.tod 
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that  in  the  course  of  a  study  of  living  cells  taken  from  very  diverse 
material  nothing  closely  resembling  the  classical  Golgi  ‘network’  has 
been  seen  (Barer  and  Crawford,  unpublished  observations;  see  also 
Brice  et  al}^,  and  Oettl6®®). 

It  is  clearly  a  matter  of  some  importance  to  determine  the  structural 
alterations  produced  by  the  action  of  fixatives  and  other  reagents  on 
living  cells.  In  the  past  this  problem  has  been  investigated  by  immersion 
of  pieces  of  tissue  in  a  fixative,  followed  by  clearing,  embedding,  section¬ 
ing,  and  staining  (Hardy®®).  Strange  ways  and  Canti^®®  observed  the 
action  of  fixatives  on  living  tissue  culture  cells  by  dark -ground  illumina¬ 
tion.  This  eliminated  changes  produced  by  the  histological  procedures 
subsequent  to  fixation,  as  well  as  artefacts  due  to  staining,  but  the 
observations  were  limited  by  the  defects  inherent  in  dark-ground  illumi¬ 
nation.  An  extensive  survey  of  the  action  of  fixatives  and  other  chemical 
and  physical  reagents  on  living  cells  and  protein  films  is  now  being 
undertaken,  using  phase -contrast  microscopy  (Barer  and  Crawfordii). 
The  results  will  be  described  in  detail  elsewhere,  but  it  has  already  been 
observed  that  the  action  of  several  common  fixatives  on  isolated  cells 
is  very  different  from  the  classical  description.  There  is  no  doubt  that 
phase-contrast  microscopy  has  an  enormous  scope  in  investigations  of 
this  sort,  in  all  types  of  material.  Thus,  it  is  possible  to  observe  the 
action  of  drugs  and  antibiotics  on  living  bacteria.  Streptomycin  has 
been  found  to  produce  several  types  of  abnormal  forms,  such  as  giant 
filaments  or  ‘snakes’,  and  bulbous  forms.  Various  types  of  granules  can 
be  seen  in  some  living  bacteria,  and  the  question  arises  as  to  whether 
these  may  be  some  form  of  nuclear  apparatus,  as  has  been  described  in 
stained  preparations  by  Robinow®®.  No  definite  answer  can  be  given 
until  the  changes  undergone  by  granules  during  bacterial  growth  cycle 
have  been  observed.  Nor  can  the  granules  be  identified  with  those  seen 
by  Robinow  at  this  stage.  Preliminary  observations  indicate  that  the 
fixatives  and  acid  hydrolysis  used  in  the  staining  procedure  m^ 
selves  produce  dense  ‘bodies’  within  the  bacteria  (Barer  and  Barer  ). 

Apart  from  observations  on  isolated  cells,  phase -contrast  microscopy 
can  be  used  for  the  study  of  suitable  material  in  intact  animals  and 
tissues.  The  study  of  whole  insect  larvae  has  already  been  mentioned. 
Transparent  tissues  such  as  the  mesentery  of  mammals  and  amphibia, 
and  the  tails  of  tadpoles  (particularly  Xenopus  tadpoles)  also  provide 
interesting  material  for  study.  The  use  of  thin  transparent 
inserted  in  the  ears  of  rabbits  should  also  prove  valuable  provided  that 

certain  technical  difficulties  can  be  overcome.  i-u  ^ 

Micro-dissection  by  Phase-Contrast  Illumination.  Micrurgical  methods 
as  developed  by  Chambers®®-®®  and  others  have  given  us  valuable  msig 
into  the  physical  properties  of  cells,  despite  the  limitations  imposed  y 
the  use  of  unsatisfactory^  methods  of  microscopical  observation.  Wit 
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the  advent  of  phase -contrast  microscopy  we  may  look  forward  to  a  con¬ 
siderable  extension  and  improvement  of  these  methods.  The  ordinary 
commercial  phase-contrast  equipment  is  not  suitable  for  micro-dissec¬ 
tion  work  at  high  magnifications,  but  through  the  kind  co-operation  of 
Messrs.  Cooke,  Troughton,  and  Simms  the  writer  has  been  able  to  obtain 
a  specially  designed  condenser  with  a  long  working  distance,  adequate 
for  work  with  cells  suspended  in  hanging  drops  in  a  moist  chamber. 
The  technique  of  micro -dissection  by  phase-contrast  illumination  is  by 
no  means  easy.  The  optical  conditions  are  liable  to  be  disturbed  by  the 
introduction  of  micro -instruments  between  the  condenser  and  the  object, 
and  by  the  presence  of  a  convex  hanging  drop,  which  may  act  as  a  lens. 
It  is  generally  better  to  use  a  thin  film  of  liquid  for  suspension  of  the 
cells,  rather  than  a  drop.  A  microscope  with  a  focusing  stage  as  well  as 
a  focusing  body  is  also  desirable.  An  inverted  microscope  would  probably 
be  even  better. 

Resolving  Power.  It  is  frequently  asked  how  the  resolving  power  of 
phase-contrast  illumination  compares  with  that  of  conventional  dark- 
ground  illumination.  In  theory,  the  resolving  power  depends  on  the 
NA  of  that  part  of  the  objective  aperture  which  is  being  illuminated, 
i.e.  the  NA  of  the  annulus  of  the  phase  plate.  In  most  cases  this  is  about 
two-thirds  to  three-quarters  that  of  the  full-rated  NA  of  the  objective, 
though  some  equipment  uses  the  full  NA.  It  must  be  remembered 
that  the  full  NA  of  an  objective  is  rarely  used  in  conventional  micro¬ 


scopy,  owing  to  glare,  and  a  j-cone  of  illumination  is  usually  regarded 
as  quite  satisfactory.  We  should  thus  expect  to  find  that  the  resolving 
power  of  phase-contrast  and  conventional  illumination  is  in  practice 
roughly  equal.  The  overriding  consideration  in  the  case  of  living  cells 
is  contrast,  rather  than  resolution,  for  there  is  no  point  in  discussing 
the  resolution  of  invisible  objects!  It  would  be  better  to  sacrifice  resolu¬ 
tion  to  some  extent  than  to  see  nothing  at  all.  However,  in  practice, 
the  phase-contrast  method  appears  to  provide  a  resolving  power  at  least 
as  good  as  that  of  an  objective  of  equivalent  NA  used  with  conventional 
illummation.  It  is  even  possible  to  see  particles  below  the  theoretical 
limit  of  resolution,  provided  the  contrast  is  sufficiently  high.  This  is 
of  course,  well  known  in  dark-ground  illumination,  in  which  the  ability 
to  detect  a  particle  is  largely  a  matter  of  using  a  sufficiently  intense 
source  of  fight.  In  (positive)  phase -contrast,  particles  below  the  limit 
of  resolution  appear  in  progressively  fighter  shades  of  grey,  as  their  size 

P'^ssible  to  resolve  some  of  the  larger  viruses,  and  to 
detect  the  presence  of  even  smaUer  particles  by  phase-contrast  micro- 

d^[k-ground  method  may  be  more  sensitive  for 
etection  of  small  particles,  but  it  must  be  remembered  that  it  does  not 

sconrifvLtr  objects.  Phase-contrast  micro¬ 

scopy  IS  vastly  superior  in  this  respect. 
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The  Possibility  of  Optical  Artefacts.  It  is  curious  with  what  suspicion 
phase -contrast  microscopy  was,  and  often  still  is,  regarded  by  many 
microscopists.  It  is  true  that  there  are  many  theoretical  and  practical 
points  which  are  not  fully  understood,  but  the  same  can  be  said  of  con¬ 
ventional  microscopy,  and  dark -ground  illumination.  One  so  often  hears 
the  remark  ‘  Couldn’t  it  be  a  diffraction  effect  ?  ’  that  it  is  difficult  to 
resist  replying  ‘Yes,  a  double  diffraction  effect!’  What  the  practical 
microscopist  wishes  to  know  is  how  far  he  is  justified  in  regarding  the 
image  he  sees  as  an  exact  representation  of  the  object.  No  straight¬ 
forward  reply  can  be  given  to  this  question  for  any  method  of  micro¬ 
scopy,  but  we  can  assert  with  reasonable  confidence  that  the  image  of 
a  transparent  object  when  viewed  by  phase-contrast  illumination  is 
neither  more  nor  less  reliable  than  is  the  image  of  a  stained  object  when 
viewed  by  conventional  illumination.  As  a  general  rule  the  possibility 
of  gross  optical  artefacts  can  be  ruled  out.  Difficulties  in  interpretation 
may  arise,  particularly  when  the  object  contains  a  mixture  of  trans¬ 
parent  and  absorbing  detail,  and  it  may  be  necessary  to  examine  the 
appearance  and  behaviour  of  bodies  of  known  structure.  Thus,  it  is 
often  useful  to  compare  the  appearance  of  a  body  seen  by  phase -contrast, 
just  above  and  just  below  focus,  with  that  of  a  known  absorbing  body 
such  as  a  carbon  particle  when  using  conventional  annular  illumination 
and  passing  above  and  below  focus. 

One  effect  which  is  inherent  in  the  phase -contrast  method  is  the 
appearance  of  a  bright  (in  positive  phase-contrast)  halo  around  the  ob¬ 
ject.  This  is  due  to  the  way  in  which  energy  is  redistributed  by  the  phase 
plate.  It  will  be  appreciated  that  if  by  phase -contrast  a  transparent 
object  is  rendered  black  or  in  shades  of  grey,  the  light  energy  has  not 
been  absorbed,  as  is  the  case  with  a  stained  object,  but  has  merely  been 
redistributed.  This  redistribution  manifests  itself  as  a  bright  halo  around 
the  object.  With  a  properly  designed  system  this  effect  should  not  be 
obtrusive. 

c.  Interference  Microscopy 

Interferometric  methods  are  commonly  used  in  physics  for  the  de¬ 
termination  of  refractive  indices  of  liquids  and  gases.  This  is  done  by 
observing  the  shift  of  a  fringe  system  when  the  introduction  of  a  speci¬ 
men  causes  the  optical  path  to  vary.  It  is  obvious  that  the  principle 
might  be  extended  to  microscopical  objects  such  as  living  cells,  and 
would  perhaps  yield  valuable  information  concerning  variations  of  re¬ 
fractive  index  and  thickness  in  the  cell.  There  has  been  a  considerable 
revival  of  interest  in  such  methods.  One  of  the  simplest,  originally 
described  by  Frederikse^®  and  considerably  improved  by  Merton’’*’®, 
depends  on  observing  the  specimen  between  two  thin  semi-reflecting 
plates  (see  also  Ambrose®).  Under  these  conditions  a  system  of 
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interference  fringes  is  produced  by  multiple  reflections  between  the 
plates.  The  specimen  introduces  variable  optical  path  differences,  which 
is  equivalent  to  varying  the  separation  of  the  two  plates,  with  consequent 
disturbance  of  the  fringe  pattern.  Thus  some  parts  of  the  specimen 
are  made  to  appear  bright  against  a  dark  background,  and  vice  versa. 
Interesting  colour  effects  may  also  be  observed.  These  changes  of  in¬ 
tensity  and  colour  result  in  increased  contrast,  and  indeed  the  appear¬ 
ance  of  a  living  cell  is  very  like  that  seen  by  phase -contrast  illumination. 
There  are  technical  difficulties  which  hmit  the  resolving  power  of  the 
method,  and  it  is  necessary  to  use  thin  specimens.  Nevertheless,  the  most 
recent  modifications  of  the  method,  involving  the  use  of  zone  plates  to 
ensure  more  even  illumination  of  the  objective,  are  distinctly  promising. 
The  writer  has  had  the  opportunity  of  observing  the  results  obtained  with 
the  latest  developments,  through  the  kindness  of  Dr.  A.  C.  Menzies,  and 
it  certainly  appears  that  the  method  is  worthy  of  serious  consideration. 

Many  other  varieties  of  interference  microscope  are  possible,  some  of 
them  being  exceedingly  complicated.  The  more  ambitious  forms  would 
require  as  many  as  four  objectives!  Dr.  J.  St.  L.  Philpott  has  obtained 
interesting  results  using  vertical  illumination  through  a  specially  con¬ 
structed  double  prism,  the  object  being  mounted  between  a  plane  mirror 
and  a  cover-slip.  The  interference  fringes  are  produced  by  quite  a 
different  mechanism  from  that  described  above,  but  the  appearance  of 
the  cell  is  somewhat  similar. 

Some  extremely  ingenious  experiments  have  been  carried  out  by 
Mr.  W.  J.  Bates,  working  in  Dr.  Burch’s  laboratory.  By  an  adaptation 
of  his  wavefront -shearing  interferometer  (Bates^®)  he  has  been  able  to 
obtain  a  double  image  of  a  cell,  one  in  bright  contrast,  the  other  in  dark 
contrast.  Other  developments  of  the  method  include  the  possibility, 
already  referred  to,  of  obtaining  the  equivalent  of  a  phase-contrast  effect 
with  complete  control  at  will  of  both  phase  and  amplitude  characteristics. 

There  seems  little  doubt  that  interference  microscopy  is  assured  of  an 
important  future,  not  perhaps  as  a  routine  weapon,  but  as  a  useful 
accessory  to  other  methods,  particularly  when  rather  different  types  of 
contrast  are  desired. 

d.  Fluorescence  Microscopy 

It  is  well  known  that  when  some  substances  are  illuminated  by  light 
of  a  certain  wave-length  energy  is  absorbed  and  then  partly  re-emitted 
as  light  of  a  longer  wave-length.  This  phenomenon  is  known  as  fluores¬ 
cence,  and  it  provides  a  useful  method  of  obtaining  contrast  in  micro¬ 
scopy.  In  order  that  the  fluorescent  image  may  be  of  a  colour  visible 
to  the  eye,  the  exciting  illumination  is  generally  ultraviolet  light.  For 
most  work  it  has  been  found  that  the  range  of  wave-lengths  between 
300  and  400  m/t  is  most  convenient  and  effective.  In  passing  it  should 
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be  noted  that  fluorescence  microscopy  differs  in  one  important  respect 
from  most  other  methods  of  microscopy,  for  we  are  here  dealing  with 
a  self-luminous  object,  whereas  in  most  other  cases  the  object  is  illumi¬ 
nated  by  ‘borrowed’  hght. 

Apparatus.  The  essential  requirements  are  (1)  a  source  of  ultraviolet 
hght.  The  most  convenient  source  is  undoubtedly  some  form  of  mercury 
arc  such  as  the  high  or  medium  pressure  arcs  sold  by  several  makers 
(G.E.C.,  B.T.H.,  Siemens,  &c.).  Carbon  arcs  and  spark  discharges  may 
also  be  used.  (2)  A  method  of  ehminating  aU  but  the  desired  excitatory 
rays.  In  particular,  excess  visible  hght  must  be  removed  since  the 
fluorescent  image  is  usually  very  faint  and  may  be  masked.  This  is 
particularly  important  for  photography.  For  most  work  a  filter  of  the 
Wood’s  glass  type,  passing  wave-lengths  between  320  and  400  m/x,  is 
quite  satisfactory.  If  desired,  red  and  infra-red  rays  may  be  removed 
by  a  20  per  cent,  copper  sulphate  solution.  Other  filters  may  also  be 
used  (see  Bowen^^).  Monochromators  are  not  generaUy  employed  since 
the  intensity  of  iUumination  is  usuaUy  too  low.  (3)  The  direct  ultra¬ 
violet  radiation  must  be  excluded  from  the  eye  or  photographic  plate. 
Special  cover  glasses  have  been  manufactured  for  this  purpose,  but  a 
suitable  filter  may  be  used  below  or  above  the  eyepiece. 

Certain  features  are  desirable  in  the  microscope.  It  is  frequently 
stated  that  a  quartz  condenser  is  desirable  or  even  essential.  However, 
most  glasses  wiU  transmit  wave-lengths  above  320  m/x,  and  if  a  Wood’s 
glass  filter  is  used  there  seems  very  little  point  in  having  a  condenser 
transparent  to  lower  wave-lengths.  For  special  research  purposes  quartz 
condensers  or  reflecting  condensers  may  be  useful.  A  front-surface 
aluminized  mirror  or  a  quartz  90°  reflecting  prism  are  valuable  acces¬ 
sories.  The  usual  back-surface  silvered  mirror  is  inefficient  as  silver 
shows  a  sharp  minimum  in  reflectivity  below  350  m/x.  It  is  most  im¬ 
portant  that  with  the  exception  of  the  specimen  itself  the  light  path 
should  be  quite  free  from  fluorescent  materials.  Some  glasses  are  fluores¬ 
cent  and  special  care  should  be  taken  to  test  shdes,  cover-glasses,  lenses, 
and  eyepieces.  The  use  of  objectives  containing  fluorite  must  be  avoided. 
Many  mounting  media  and  immersion  oils  are  also  fluorescent  (e.g.  Canada 
balsam  and  cedar  wood  oil).  Glycerine  and  water  can  be  used  freely. 

Two  types  of  fluorescence  may  be  recognized. 

1.  Primary  fluorescence,  which  is  exhibited  by  the  object  in  its 
natural  state. 

2.  Secondary  fluorescence,  exhibited  by  the  object  after  impregna¬ 
tion  with  fluorescent  dyes  (fluorochromes). 

Primary  fluorescence  is  clearly  of  much  greater  fundamental  impor¬ 
tance  since  it  is  an  indication  of  a  definite  chemical  property  of  the 
object  itself.  The  use  of  fluorescent  dyes  to  increase  contrast  is  probably  no 
more  specific  than  the  use  of  routine  staining  methods  in  conventional 
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microscopy.  Nevertheless,  it  may  prove  useful  in  certain  problems. 
The  comprehensive  review  by  EUinger^®  should  be  consulted  for 
a  summary  of  the  results  obtained  by  the  use  of  fluorescent  dyes. 
Ellinger  and  his  collaborators  have  carried  out  extensive  investigations 
on  the  circulation  in  various  organs  illuminated  by  incident  light,  using 
fluorescein.  The  functions  of  the  liver  and  kidney  have  been  investi¬ 
gated  in  this  way.  Other  noteworthy  examples  of  the  use  of  fluorescent 
dyes  are  the  selective  staining  of  tubercle  bacilli — a  valuable  routine 
laboratory  method,  and  of  certain  viruses  (Hagemann®^*®®).  Primary 
fluorescence  has  proved  useful  in  the  investigation  of  such  substances 
as  porphyrins  and  some  vitamins.  Dempsey^®  has  investigated  the 
action  of  such  drugs  as  thiouracil  and  thyroxine  on  the  fluorescence  of 
the  colloid  substance  in  the  folhcles  of  the  thyroid  gland.  Many  syn¬ 
thetic  carcinogenic  compounds  are  strongly  fluorescent,  and  it  has  been 
claimed  that  they  can  be  located  within  tissues  and  cells  by  fluorescence 
microscopy  (Simpson  and  Crameri®®;  Doniach,  Mottram,  and  Weigert^®; 
Ahlstrom  and  Berg^).  There  is  no  doubt  that  a  great  deal  remains  to 
be  done  in  the  investigation  of  primary  fluorescence.  The  ability  to  use 
high  magnifications  depends  on  the  use  of  an  intense  source  and  an 
efficient  condenser.  Barnard  and  Welch^®*^®  have  employed  spark  sources 
and  a  special  dark -ground  reflecting  condenser  designed  by  Smiles'®’. 
The  use  of  dark-ground  illumination  helps  to  ensure  that  no  direct 
ultraviolet  light  enters  the  objective,  but  it  should  be  emphasized  that 
the  image  seen  is  a  bright  one  due  to  the  self-luminous  (fluorescent) 
object.  The  remarkable  photographs  pubUshed  by  Barnard  and  Welch'® 
showing  the  same  bacteria  by  ultraviolet  and  fluorescence  microscopy 
represent  the  highest  performance  hitherto  attained  by  fluorescence 
microscopy.  Further  investigations  using  both  dark-ground  condensers 

and  achromatic  reflecting  condensers  of  the  Burch  type  would  be  very 
valuable. 


e.  The  Polarizing  Microscope 

Like  fluorescence  microscopy,  polarizing  microscopy  is  a  special 
method  for  obtaining  contrast  and  at  the  same  time  is  capable  of 
yidding  valuable  physico-chemical  information  in  certain  cases. 

crystaUine  substances  are  anisotropic,  i.e.  they  ex- 

properties  in  different  directions. 
I.Vhn  “  refractive  index  (and  therefore  the  velocity  of 

ght)  varies  with  direction  are  known  as  doMy  refracting  or  birefrinqent 

A  beam  of  light  consists  of  electromagnetic  waves  vibratinv  in  all 

frSaVv  Z-  an^nisotropic  :ub:ttre  these 

gular  vibrations  are  resolved  into  components  which  can  only  vibrate 
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in  two  fixed  perpendicular  planes.  The  light  is  said  to  be  polarized  in 
these  two  planes.  The  velocity  of  the  two  polarized  beams  differs  so 
that  they  undergo  unequal  refraction  in  passing  through  the  birefrin- 
gent  substance.  If  the  substance  is  also  pleochroic,  the  intensity  of  the 
two  beams  will  be  affected  unequally.  In  order  to  obtain  a  single  beam 
of  plane  polarized  light  it  is  necessary  to  remove  one  of  the  two  polarized 
beams.  In  the  case  of  the  Nicol  prism  this  is  accomplished  by  total 
refiection  of  the  unwanted  beam  at  a  layer  of  Canada  balsam.  Another 
very  convenient  method  is  to  utihze  crystals  with  a  high  degree  of 
pleochroism.  It  has  long  been  known  that  crystals  of  iodo-quinine  sul¬ 
phate  (Herapathite)  exhibit  this  property  to  a  remarkable  extent,  so 
that  one  of  the  two  polarized  beams  is  completely  absorbed  in  passing 
through  a  very  thin  layer  of  the  crystal.  Such  crystals  are  used  in 
different  ways  in  Polaroid,  the  Marks  plates,  and  the  Zeiss  Bernauer 
filters.  Recently  some  very  simple  polarizing  films  have  been  made  by 
orienting  dye  molecules  in  stretched  plastic  sheets.  The  great  value 
of  such  polarizing  plates  is  that  they  can  be  obtained  in  very  large  sizes 
and  are  relatively  cheap  as  compared  with  Nicol  prisms.  It  is  clear 
that  if  a  beam  of  plane  polarized  light  is  made  to  fall  on  an  anisotropic 
body  it  will  in  general  itself  be  resolved  into  two  mutually  perpendi¬ 
cular  plane  polarized  beams.  However,  if  this  anisotropic  body  is  it¬ 
self  a  polarizer,  i.e.  a  Nicol  prism  or  a  Polaroid  plate,  which  eliminates 
one  of  the  polarized  beams,  and  if  the  plane  of  the  incident  polarized 
beam  is  perpendicular  to  that  which  the  second  polarizer  allows  to  pass, 
complete  extinction  of  the  incident  beam  will  result.  Two  polarizers 
arranged  in  such  a  manner  constitute  a  polarizer  and  analyzer  system. 
The  intensity  of  the  fight  passed  by  such  a  system  should  theoretically 
vary  from  zero  to  a  maximum  as  the  planes  of  polarization  of  the  pola¬ 
rizer  and  analyzer  are  varied  from  perpendicular  (crossed)  to  parallel. 

Let  us  now  consider  the  effect  of  introducing  a  birefringent  body 
between  a  ‘crossed’  polarizer  and  analyzer.  The  body  wall  be  illumi¬ 
nated  by  a  beam  of  plane  polarized  fight  which  it  will  resolve  into  two 
plane  polarized  beams.  These  two  beams  will  pass  through  the  body 
with  different  velocities  and  will  therefore  arrive  at  the  analyzer  out  of 
phase.  For  the  sake  of  simplicity  let  us  assume  we  are  dealing  with  a 
rectangular  birefringent  object,  which  polarizes  fight  in  two  directions 
parallel  to  its  sides.  In  Text-fig.  6  {a)  it  will  be  seen  that  if  neither  of 
these  directions  is  parallel  to  the  plane  of  the  incident  polarized  beam 
the  latter  will  be  resolved  into  two  components  in  the  directions  11,  22. 

In  Text-fig.  6  (6)  and  (c)  one  of  the  directions  of  polarization  is  parallel 
to  the  plane  of  the  incident  beam.  In  this  case  all  the  incident  fight  will 
continue  to  vibrate  in  the  same  plane  and  there  will  be  ??o  component 
in  any  other  direction.  On  arrival  at  the  analyzer,  in  the  case  shown 
in  Text-fig.  6  (6)  and  (c),  none  of  the  fight  which  has  passed  through 
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the  birefringent  object  will  pass  through  the  analyzer  since  it  is  vibrating 
in  a  direction  at  right  angles  to  that  which  the  latter  will  pass.  In 
Text-fig.  6  {a),  however,  each  of  the  components  in  the  direction 
11  and  22  will  in  turn  be  broken  up  into  components  parallel  and  per¬ 
pendicular  to  the  permitted  direction  of  the  analyzer.  The  components 


/ 


1 


1 


i< — >1 


- >2 


a  b  ^ 

Text-fig.  6.  Diagram  illustrating  the  action  of  a  birefringent  object  on  a  beam  of 

plane  polarized  light  (see  text). 

parallel  to  this  direction  will  pass  through  so  that  the  object  will  appear 
bright  against  a  dark  field.  If  the  object  is  rotated  through  360°  it  will 
pass  from  darkness  through  maximum  brightness  and  back  to  darkness 
in  every  quadrant.  As  we  have  already  seen,  the  matter  is  further  com¬ 
plicated  by  the  fact  that  in  Text-fig.  6  (a)  the  two  beams  in  the  directions 
11  and  22  are  out  of  phase  on  arrival  at  the  analvzer.  They  are  thus  in 
a  position  to  interfere.  Since  the  phase  difference  depends  on  wave¬ 
length,  different  colours  are  affected  unequally  so  that  brilliant  inter- 
ference  colours  may  be  produced.  It  is  possible  to  measure  the  degree 
of  birefringence  of  an  object  quantitatively  by  using  a  compensator. 
Tins  consists  of  a  birefringent  plate  which  produces  a  known  phase 
difference  (or  retardation)  between  the  polarized  beams  it  transmits. 

this  compensator  is  introduced  between  the  polarizer  and  analvzer 
1  superimposes  a  known  phase  difference  on  that  produced  by  the  ob¬ 
ject.  The  contrast  of  the  latter  can  thus  be  neutralized  or  enhanced  by 
adjustment  of  the  compensator.  ^ 

Apparatus.  Any  microscope  can  be  converted  into  a  simple  polariz¬ 
ing  microscope  by  fitting  a  polarizer  in  the  substage  and  an  analyzer 
somewhere  above  the  objective  (just  above  or  below  the  eyepiece  is 
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usually  the  most  convenient  place).  With  the  advent  of  polaroid  there 
is  no  reason  why  simple  examinations  in  polarized  light  should  not  be 
carried  out  by  all  microscopists  using  standard  microscopes. 

For  research  purposes,  particularly  where  quantitative  measurements 
are  required,  the  standard  type  of  biological  microscope  is  quite  un¬ 
suitable.  The  minimum  requirements  for  this  type  of  instrument 
are: 

1.  A  polarizer  and  analyzer,  both  capable  of  accurate  rotation,  the 
rotation  of  one  being  readable  by  a  vernier  to  a  fraction  of  a 
degree. 

2.  A  series  of  interchangeable  compensators  which  can  be  inserted 
into  the  body  of  a  microscope  between  the  objective  and  eyepiece. 
These  compensators  should  be  capable  of  accurate  adjustment,  and 
should  measure  retardations  down  to  the  order  of  one-tenth  of  a 
wave-length  or  less. 

3.  The  microscope  should  be  equipped  with  a  good  rotating  and 
centring  object  stage.  The  condensers  and  objectives  should  be 
specially  chosen  to  be  free  from  birefringence. 

Such  microscopes,  suitable  for  detecting  and  measuring  very  weak 
birefringence  in  biological  objects  have  hitherto  only  been  obtainable 
on  the  continent  (notably  Leitz  and  Co.).  Recently  an  improved  polariz¬ 
ing  microscope  for  petrological  work  has  been  produced  (Hallimond  and 
Taylor®5.56)^  and  modifications  of  this  instrument  have  proved  quite 
suitable  for  biological  work.  An  interesting  feature  is  the  use  of  Polaroid 
instead  of  polarizing  prisms.  This  would  have  been  unsatisfactory  with 
early  samples  of  Polaroid  which  rarely  gave  complete  extinction  when 
crossed,  but  selected  pieces  of  the  newer  material  give  a  greatly  im¬ 
proved  performance  and  have  not  been  found  inferior  to  Nicol  prisms 
(Hallimond®^).  The  use  of  Polaroid  confers  certain  important  advan¬ 
tages.  Owing  to  the  expense  and  difficulty  of  obtaining  large  Nicol 
prisms  it  was  necessary  to  use  specially  constructed  small  substage  con¬ 
densers.  It  is  now  possible  to  use  any  standard  condenser.  Another 
disadvantage  of  the  prism  is  that  it  introduces  astigmatism,  which  re¬ 
quires  at  least  two  extra  correcting  lenses  for  its  elimination.  The  intro¬ 
duction  of  extra  reflecting  surfaces  inevitably  leads  to  a  loss  of  contrast. 
The  best  type  of  compensators  for  exacting  biological  work  are  t  e 
rotating  plates  described  by  Kohler®^  These  can  be  obtained  for 
measuring  retardations  lower  than  one-twentieth  of  a  wave-lenph. 
Even  weaker  degrees  of  birefringence  have  been  measured  and  by  atten¬ 
tion  to  details  of  design  it  should  be  possible  to  increase  the  sensitivity 
of  the  method  very  considerably.  Valuable  work  in  this  direction  is 
now  being  carried  out  at  Cambridge  by  Swann  and  his 
By  using  front-surface  mirrors,  double -thickness 

leLes,  and  hand-made  compensators,  retardations  of  the  order  of  one 
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fifteen-hundredth  of  a  wave-length  have  been  measured  (Hughes  and 
Swann®^). 

The  writer  has  found  it  very  useful  to  be  able  to  examine  the  same 
object  by  phase  contrast  and  by  polarization  microscopy.  He  uses  a 
polarizing  microscope  of  the  type  described  above,  equipped  with  phase- 
contrast  condensers  and  objectives  selected  for  low  birefringence, 
enabling  a  rapid  changeover  from  one  type  of  illumination  to  the  other 
to  be  carried  out.  This  is  particularly  valuable  for  the  study  of  un¬ 
stained  material  and  living  cells. 

Results.  Only  the  main  types  of  information  obtained  by  polarization 
microscopy  will  be  indicated  here.  For  details  the  reviews  of  Schmidt 
Schmitt^®^,  Picken^®,  and  Frey-Wyssling^®  should  be  consulted.  Bire¬ 
fringence  in  biological  objects  may  be  due  to  a  regularity  of  molecular 
structure  (intrinsic  or  crystalline  birefringence)  or  to  an  orientation  of 
asymmetric  particles  or  micelles  (form  birefringence).  Some  materials 
exhibit  birefringence  only  when  subjected  to  mechanical  stress  (strain 
birefringence).  Intrinsic  birefringence  can  be  distinguished  from  form 
birefringence  by  immersion  of  the  object  in  fluids  of  different  refractive 
indices.  Form  birefringence  is  completely  neutralized  by  immersion  in 
a  fluid  of  the  same  refractive  index  as  that  of  the  micelles,  whereas  in¬ 
trinsic  birefringence  is  unaffected.  Measurements  of  the  way  in  which 
birefringence  varies  with  the  refractive  index  of  the  surrounding  medium 
enable  us  to  estimate  the  degree  of  both  intrinsic  and  form  birefringence, 
and  it  is  also  possible  to  calculate  the  volume  occupied  by  the  orientated 
micelles.  The  ultra-structure  of  muscle  (Fischer^’;  Buchthal  and  Knap- 
peis29;  Schmidtioo)  and  nerve  (Schmitt  and  Bear^o^;  Richards^®;  Pfeiffer®®) 
have  been  investigated  in  some  detail  using  such  methods.  Interpretable 
quantitative  results  are  less  easy  to  obtain  on  non-fibrous  cells,  but 
birefringence  has  been  detected  in  numerous  cell  structures.  Pfeiffer®’ 
combined  a  sensitive  polarizing  microscope  with  the  Harvey— Loomis 
centrifuge  microscope,  and  was  able  to  observe  the  development  of 
birefringent  regions  in  the  frog  ovum  undergoing  centrifugation.  Moore 
and  Miller®®  examined  egg  ceUs  after  centrifugation  and  found  that  the 
cytoplasm  of  fertilized  eggs  showed  birefringent  areas.  Monne’®  has 
made  simdar  observations.  These  results  may  very  well  indicate  the 
existence  of  a  ceUular  organization  similar  to  the  ‘cytoskeleton’  sug¬ 
gested  by  Peters®®’®®.  Other  intracellular  structures  whose  birefringence 
has  been  studied  are  the  chromosomes,  asters,  and  spindles.  An  interest¬ 
ing  study  of  the  cytoplasm,  cell  membrane,  and  nuclear  membrane  of 
nerve  cells  has  been  carried  out  by  Chinn®’.  It  was  found  that  the  pro¬ 
tein  micelles  m  the  cytoplasm  of  unipolar  and  multipolar  nerve  cells  are 
orientated  in  different  directions.  The  nuclear  membrane  shows  weak 

orientated  lamellar  protein  micelles  (see  also 
ei  er  ).  t  should  be  mentioned  that  the  birefringence  due  to  one 
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substance  or  structure  can  be  masked  by  an  opposite  birefringence  due 
to  another  substance.  We  have  seen  that  the  two  rays  w'liich  arrive  at 
the  analyzer  are  out  of  phase,  i.e.  one  arrives  a  little  before  the  other. 
It  may  happen  that  this  state  of  affairs  is  neutralized  or  reversed  by  the 
presence  of  some  substance  which  affects  the  two  rays  in  an  opposite 
fashion.  Without  going  into  the  optical  details  it  can  be  said  that  in 
biological  systems  the  proteins  and  the  lipoids  quite  often  produce  an¬ 
tagonistic  types  of  birefringence.  Thus,  the  myehn  nerve  sheath  shows 
what  is  known  as  positive  birefringence.  On  extraction  of  the  lipoids 
only  a  weak  negative  birefringence,  due  to  the  proteins,  can  be  detected. 
The  possibihty  of  this  type  of  masking  must  constantly  be  borne  in 
mind.  According  to  Dempsey,  Wislocki,  and  Singer^^  the  I  (isotropic) 
disk  of  the  striated  muscle  fibre  is  in  fact  birefringent,  provided  that 
lipoids  are  extracted.  In  the  past  numerous  erroneous  conclusions  were 
drawm  as  to  the  structure  of  the  muscle  fibre  due  to  ignorance  of  such 
effects. 

The  analysis  of  birefringence  can  at  best  yield  indirect  information. 
It  cannot  be  regarded  as  a  conclusive  or  reliable  method  when  taken  by 
itself,  but  in  conjunction  with  other  methods  such  as  X-ray  diffraction 
and  electron  microscopy  it  provides  an  essential  link  in  the  chain  of 
circumstantial  evidence  upon  which  our  conception  of  cell  structure  is 
based. 

/.  The  Reflecting  Microscope 

One  of  the  most  important  objects  in  optical  design  is  the  reduction 
or  elimination  of  chromatic  aberration.  The  introduction  of  the  achro¬ 
matic  microscope  objective  lens  (Lister,  1829;  Amici,  1827)  marked  the 
beginning  of  a  new  era  in  microscopy.  The  introduction  of  the  apochro- 
mat  by  Abbe  was  an  equally  great  advance.  It  must  be  emphasized, 
however,  that  the  terms  ‘achromatic’  and  ‘apochromatic’  are  somewhat 
misleading.  The  ordinary  microscope  objective  lens  is  very  far  from 
being  truly  achromatic — it  is  merely  the  best  that  the  lens  maker  can 
do  with  the  materials  at  his  disposal  (Text-fig.  2).  True  achromatism 
can  only  be  achieved  by  a  reflecting  system.  It  is  curious  that  although 
reflecting  telescopes  have  been  in  use  for  many  years,  relatively  few 
attempts  have  been  made  to  construct  high-performance  reflecting 
microscopes.  No  less  an  optician  than  Newton  conceived  a  simple  re¬ 
flecting  microscope  and  from  time  to  time  others  have  appeared  (two 
such  instruments  are  in  the  Museum  of  the  History  of  Science  at  Oxford, 
one  by  Amici,  the  other  by  Cuthbert). 

It  was  soon  apparent  that  although  such  instruments  gave  reasonably 
good  performances  at  low  magnifications,  their  use  was  limited  by  their 
low  NA  (less  than  OT ).  Attempts  to  increase  the  NA  were  accompanied 
by  considerable  distortion  in  the  image.  In  recent  times  several  workers 
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have  renewed  the  attack  on  the  problem.  In  Russia,  Maksutov^'*  pointed 
out  that  a  combination  of  a  spherical  and  a  cardioid  mirror  (as  used  in 
some  dark-ground  condensers)  would  act  as  a  satisfactory  microscope 
objective,  Brumberg^^  has  described 
an  objective  composed  of  two  spherical 
mirrors,  one  concave,  the  other  convex, 
together  with  a  lens  to  correct  for  the 
chromatic  aberration  of  the  cover -glass 
(Text-fig.  7).  This  type  of  objective  can 
be  used  with  NA  up  to  about  0-5,  but 
above  this  spherical  aberration  becomes 
very  serious.  A  disadvantage  of  this 
particular  design  is  that  a  relatively  large 
fraction  of  the  aperture  of  the  concave 
mirror  is  obstructed  by  the  shadow  of  the 
small  convex  mirror.  Other  simple  re¬ 
flecting  microscopes  of  low  NA  have  been 
constructed  in  Holland  (see  Bouwers-^). 

Several  microscopes  combining  both 
reflection  and  refraction  have  been  de¬ 
scribed.  Linfoot’^  used  a  microscope 
built  on  the  Schmidt  principle.  He  used 
a  quartz  aplanatizing  plate  (Text-fig.  7) 
and  obtained  good  results  with  an  NA  of 
0-54.  Johnson®^  combined  an  ‘achro¬ 
matic’  hthium-fluoride-silica  lens  with  a 
parabolic  mirror  (Text-fig.  7).  The  system 
was  computed  to  bring  wave-lengths 
5,416  A  and  2,749  A  to  the  same  focus, 
and  it  was  found  that  the  corrections 
were  reasonablj^  good  for  all  wave-lengths 
between  6,000  A  and  2,600  A.  An  NA  of 
0*5  was  achieved.  While  there  is  no  doubt  that  further  advances  may  be 
expected  along  these  hues,  it  seems  probable  that  a  purely  reflecting 
system  offers  the  best  approach  to  the  problem  of  achromatization.  The 
chief  difficulty  is  that  an  NA  above  0-5  cannot  easily  be  obtained  with¬ 
out  the  introduction  of  considerable  spherical  aberration.  In  1905 
Schwarzschild  investigated  the  theory  of  the  construction  of  a  two- 
mirror  telescope  objective.  It  was  realized  by  Burch^o  that  this  theory 
could  be  very  easily  modified  to  apply  to  a  two-mirror  microscope.  He 
showed  that  in  order  to  minimize  spherical  aberration  at  high  NA,  at 
least  one  of  the  two  mirrors  has  to  be  aspherical.  For  an  NA  up  to  about 
0-65  It  IS  possible  to  use  a  large  concave  aspherical  (approximately 
ellipsoidal)  mirror  in  combination  with  a  small  convex  spherical  mirror. 


Text-fig.  7.  Three  types  of 
reflecting  microscope. 

(a)  Schmidt  system  (Linfootl.with  spherica 
mirror  M  and  correcting  plate  S.P. 

(b)  Parabolic  mirror  M  and  achromatic 
lithivim-fluoride-silica  lens  L  (Johnson). 

(c)  Small  convex  (m)  and  large  concave 
(M)  mirrors,  with  correcting  lens  L 
(Brumberg). 
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For  larger  NA  both  mirrors  must  be  aspherized.  The  convex  mirror  can 
be  made  small  enough  not  to  obstruct  any  significant  part  of  the  aper¬ 
ture  of  the  large  mirror.  Text-fig.  8  shows  in  its  simplest  form  the  optical 
system  of  the  Burch  microscope  in  use  by  the  writer  at  Oxford.  A  re¬ 
flecting  objective  (NA  0-65)  and  reflecting  condenser  (NA  0-58)  are  used. 
The  mirrors  are  of  speculum  metal,  the  final  polishing  being  done  by 
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Text-fig.  8.  Burch  system  without  immersion  lenses. 

NA  0-65  (0  98  with  immersion  lenses).  Mo,  Me  are  aspherical,  mo,  mo  are  spherical. 


hand,  the  exact  shape  being  controlled  by  means  of  an  interferometer 
system.  It  will  be  appreciated  that  considerable  labour  and  skill  are 
required.  The  spherical  aberration  of  the  system  is  very  easily  corrected 
by  altering  the  distance  between  the  large  and  small  mirrors.  It  is  thus 
possible  to  minimize  the  aberration  introduced  by  a  cover-slip.  Dr.  Burch 
and  his  collaborators, are  at  present  engaged  on  the  construction  of  a 
reflecting  microscope  having  the  highest  possible  NA.  As  we  have  already 
seen  no  ‘dry’  system  can  have  an  NA  greater  than  1*0.  The  projected 
microscope  will  have  an  NA  of  approximately  0*95.  Both  mirrors  will 
be  aspherical,  and  the  large  mirror  will  be  greater  than  a  hemisphere. 
It  is  possible  to  increase  the  NA  of  the  present  instrument  to  0-98  by 
means  of  an  immersion -component  lens.  At  first  sight  this  might  be 
expected  to  upset  the  achromatism  of  the  system,  but  if  the  lens  is  made 
with  a  spherical  surface,  with  its  centre  at  the  object  point,  rays  will 
pass  through  radially  so  that  the  achromatism  of  focus  is  unaffected. 
Chromatic  error  of  magnification  is  introduced  but  this  is  unobtrusive 
in  practice  and  could  be  eliminated  if  desired  by  the  use  of  an  auxiliary 
lens.  The  NA  of  the  projected  instrument  will  be  increased  to  1*4  by 
the  use  of  similar  immersion  components  (Text-fig.  9). 
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The  performance  of  the  reflecting  microscope  in  the  visual  range  is 
as  good  as,  if  not  better  than,  that  of  the  best  apochromatic  lens  micro¬ 
scopes  of  equivalent  NA,  and  it  has  the  additional  advantage  of  an 
unusually  flat  field  of  view.  Photomicrographs  taken  with  the  instru¬ 
ment  have  been  published  elsewhere  (Burch^®,  Barer’).  The  microscope 
has  been  used  with  excellent  results  with  phase-contrast  illumination, 
and  for  polarizing  and  fluorescence  microscopy. 


Text-fig.  9.  Burch  system,  now  under  construction,  showing  immersion 
lenses  on  condenser  and  objective. 

XA  0-95  dry,  1-4  witli  immersion  components.  All  mirrors  aspherical. 

Applications 

A  brief  consideration  of  some  of  the  possible  applications  of  the  re¬ 
flecting  microscope  suffices  to  make  one  realize  that  this  is  one  of  the 
most  powerful  cytological  weapons  ever  constructed.  It  is  not  merely 
an  improvement  on  existing  refracting  microscopes.  It  opens  up  new 
fields  which  it  would  be  quite  impossible  to  explore  by  present  methods. 

Achromatism 

In  the  first  place  the  implications  of  true  achromatism  are  often  not 
fully  understood.  A  reflecting  system  is  achromatic  not  merely  for  the 
visible  range,  but  for  all  wave-lengths  from  the  far  ultraviolet  to  the  far 
infra-red.  Ultraviolet  microscopy  (Kohler®®;  Barnard^'*;  Lucas’^;  Wyck- 
offii®)  and  particularly  ultraviolet  absorption  microspectroscopy,  as 
developed  by  Caspersson  and  others,  has  made  contributions  of  funda¬ 
mental  importance  to  cytochemistry.  The  technique  employed  has 
differed  little  since  the  time  of  Kohler®®,  and  is  generally  somewhat 
cumbersome  and  unsatisfactory.  Since  glass  will  not  generally  transmit 
wave-lengths  below  3,200  A.U.  it  is  necessary  to  employ  quartz  lenses. 
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Theoretically  it  is  possible  to  make  an  ‘achromatic’  lens  of  quartz  and 
fluorite,  but  this  is  exceedingly  difficult  in  practice  and  such  lenses  have 
rarely  been  used.  The  use  of  a  single  material  (quartz)  means  that  the 
objective  can  only  be  used  with  strictly  monochromatic  light.  Most 
quartz  monochromats  are  corrected  for  minimum  spherical  aberration 
at  2,750  A.U.  It  is  possible  to  use  them  within  a  narrow  range  of 
wave-lengths  on  either  side  of  this,  but  there  is  always  some  deteriora¬ 
tion  of  the  image.  Perhaps  the  most  serious  difficulty  in  ultraviolet 
(and  infra-red)  microscopy  is  that  since  the  image  is  invisible  there  is 
no  satisfactory  means  of  focusing.  A  fluorescent  eyepiece  can  be  used, 
but  in  general  focusing  becomes  a  matter  of  trial  and  error.  Elaborate 
mechanical  focusing  devices  involving  the  use  of  interchangeable  eye¬ 
pieces  have  been  employed  but  even  these  require  empirical  cahbration. 
For  a  full  account  of  standard  quartz  microscopy  the  reader  is  referred 
to  the  papers  of  the  workers  at  the  National  Institute  of  Medical  Re¬ 
search,  Hampstead  (Barnard,  Welch,  Smiles^^’^^*^^’^®^’^®®).  In  the  opinion 
of  the  writer  the  quality  of  their  photographs  has  never  been  excelled. 

The  use  of  a  truly  achromatic  system  eliminates  difficulties  in  focus¬ 
ing.  The  object  can  be  focused  in  visible  light  of  any  colour  and  a 
photograph  taken  in  any  wave-length  without  change  of  focus.  It  is 
not  even  necessary  to  use  monochromatic  light.  (These  statements  are 
not  strictly  true  when  a  normal  cover-slip  is  employed  without  an  im¬ 
mersion  component,  since  the  dispersion  of  the  cover-slip  material  would 
introduce  chromatic  error.)  All  that  is  required  is  that  the  system  should 
pass  sufficient  light.  Speculum  metal  is  a  poor  reflector  of  ultraviolet 
light,  so  for  work  in  this  range  the  mirrors  are  aluminized  by  evapora¬ 
tion  in  vacuo.  Quartz  or  fluorite  immersion  components  are  needed,  but 
their  construction  is  very  simple.  The  use  of  a  fluorite  immersion  com¬ 
ponent  should  enable  the  instrument  to  be  used  at  wave-lengths  down 
to  about  1,200  A.U.  No  material  sufficiently  transparent  to  lower  wave¬ 
lengths  and  suitable  for  making  lenses  is  known,  so  that  the  instrument 
would  have  to  be  used  ‘dry’  at  shorter  wave-lengths.  The  value  of 
ultraviolet  microscopy  is  twofold.  In  the  first  place,  as  we  have  already 
seen,  the  resolving  power  of  a  microscope  is  inversely  proportional  to 
the  wave-length.  "J’hus  for  the  same  NA  the  resolving  power  (and  useful 
magnification)  at  2,750  A.U.  should  be  about  double  that  for  green  light. 
Secondly,  some  cellular  constituents  show  strong  absorption  at  certain 
wave-lengths.  Thus,  the  nuclei  of  cells  absorb  strongly  at  about  2,600 
A.U.  The  result  is  that  a  photograph  of  a  living  cell  taken  at  this  wave¬ 
length  will  show  a  dark  nucleus,  as  if  the  cell  had  been  stained.  The 
use  of  shorter  wave-lengths  would  confer  the  advantages  of  greater 
resolving  power.  Thus,  at  1,200  A.U.  the  resolution  should  be  about 
four  times  as  good  as  in  the  visible  range — a  considerable  improve¬ 
ment.  Tliere  seems  no  reason  to  doubt  that  such  wave-lengths  will  be 
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attainable.  It  is  true  that  the  microscope  will  have  to  be  used  in  a 
vacuum  chamber  or  at  least  in  a  special  gas  chamber  since  the  oxygen 
in  the  air  absorbs  strongly  below  1,800  A. U.,  but  this  is  not  a  serious 
obstacle.  The  employment  of  even  shorter  wave-lengths  would  be  a  more 
difficult  procedure.  It  must  be  pointed  out  that  the  mirror  surfaces 
have  to  be  figured  correctly  to  a  fraction  of  a  wave-length.  Naturally, 
the  shorter  the  wave-length  the  greater  the  accuracy  required.  It  remains 
to  be  seen  how  accurately  such  surfaces  can  be  made.  Another  serious 
difficulty  is  the  fact  that  the  reflectivity  of  most  substances  appears  to 
fall  rapidly  below  1,000  A.U.  Much  more  research  into  this  aspect  of 
the  problem  is  required.  For  the  moment  we  must  be  content  with 
pointing  out  that  should  it  ever  prove  possible  to  use  wave-lengths  of 
the  order  of  100  A.U.  we  should  have  an  instrument  with  a  resolving 
power  approaching  that  of  the  present  electron  microscope! 

Very  little  is  known  concerning  the  absorption  of  cellular  constituents 
in  the  far  ultraviolet.  It  is  true  that  most  substances  absorb  very 
strongly  below  about  2,300  A.U.  Nevertheless,  ‘windows’,  or  regions  of 
transparency,  are  known  to  exist  for  some  substances  below  2,000  A.U. 
It  IS  not  impossible  that  biologically  important  regions  of  specific  ab¬ 
sorption  may  exist  at  lower  wave-lengths. 


Absorption  Spectroscopy  of  Cells 

Many  organic  substances  possess  characteristic  absorption  bands  in 
various  parts  of  the  spectrum  which  may  aid  in  their  identification, 
^croscopes  with  spectroscopic  eyepieces  have  frequently  been  used  for 
the  study  of  pigments  such  as  haemoglobin  and  its  derivations,  which 
have  absorption  bands  in  the  visible  region.  Most  unpigmented  sub¬ 
stances  of  biological  importance  absorb  most  strongly  in  the  ultraviolet 
and  infra-red  regions.  In  some  cases  it  is  possible  to  locate  and  identify 
a  substance  by  its  ultraviolet  absorption  spectrum.  The  briUiant  work 

nietlm?T'^''°"  ^'^i  foundations  for  the  applications  of  this 
method  to  microscopical  objects  such  as  living  or  fi.xed  cells  (see  also 

Cole  and  Brackett^’;  Hyden“;  ThorelB'^;  Pollister  and  Ris»i)  In  prin- 
ci^e  the  method  consists  in  taking  photographs  of  the  cell  in  a  number 
f  different  wave-lengths  in  the  ultraviolet.  The  photographic  density 
of  any  given  point  in  the  cell  is  then  measured,  and  a  ciifve  relL^rfh'! 
absorption  of  light  to  the  wave-length  is  drawn  ® 

stl^i  the  distribution  of  nucleic  acids  (or 

tain  pyrmidme  compounds)  and  proteins  has  been  oh 
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wide  range  of  wave-lengths  (the  important  region  for  work  on  proteins 
and  nucleic  acids  is  2,400-3,200  A),  so  that  some  loss  of  accuracy  is  to 
be  expected.  Moreover,  strictly  monochromatic  hght  (from  a  mono¬ 
chromator)  must  be  used,  and  both  the  condenser  and  the  objective 
should  be  refocused  at  each  wave-length.  In  order  to  obtain  sufficient 
points  for  a  smooth  curve,  records  in  very  many  wave-lengths  must  be 
taken,  and  it  is  often  necessary  to  use  several  different  light  sources 
(e.g.  mercury  arc,  cadmium  spark)  in  turn.  Such  a  procedure  is  very 
laborious  and  may  result  in  an  unduly  long  exposure  of  the  object  to 
ultraviolet  light,  particularly  if  several  trial  focusing  exposures  have 
to  be  made.  This  is  particularly  undesirable  in  the  case  of  living  cells — 
indeed,  Brumberg  and  Larionow^®  have  claimed  that  the  nuclear  ab¬ 
sorption  of  living  cells  differs  from  that  of  irradiated  cells.  It  is  not 
proposed  to  discuss  the  results  and  theoretical  interpretations  of  the 
Caspersson  school.  Many  controversial  points  have  arisen  as  a  result 
of  this  w^ork  and  a  proper  verdict  cannot  be  given  at  present.  Neverthe¬ 
less,  whatever  the  future  may  reveal,  one  cannot  do  otherwise  than 
express  profound  admiration  of  the  tremendous  theoretical  skill  and 
painstaking  experimental  work  that  have  characterized  Caspersson’s 
writings. 

There  is  no  reason  why  a  similar  technique  to  that  used  by  Caspersson 
should  not  be  adopted  in  the  case  of  the  reflecting  microscope.  Mono¬ 
chromatic  light  of  any  wave-length,  ultraviolet,  visible,  or  infra-red, 
could  be  fed  into  the  reflecting  condenser  and  the  absorption  of  the 
specimen  at  each  wave-length  measured.  It  is  possible  that  this  method 
will  be  used  for  some  problems,  but  the  method  at  present  in  use  is 
rather  simpler  (Barer,  HolUday,  and  Jope^^).  Instead  of  monochromatic 
light,  the  entire  spectrum  emitted  by  the  source  is  passed  through  the 
specimen.  A  magnified  image  of  the  latter  is  then  projected  on  to  the 
slit  of  a  spectrograph  (Text-fig.  10).  The  action  of  the  spectrograph  is 
to  split  up  the  illumination  falling  on  the  slit  into  its  constituent  wave¬ 
lengths.  Thus,  a  photograph  of  the  slit,  together  with  whatever  is 
imaged  across  it,  is  obtained  simultaneously  in  every  wave-length  emitted 
by  the  source.  Fig.  2,  Plate  2,  shows  the  result  obtained  by  this  method 
using  a  mercury  arc  as  source,  with  the  image  of  part  of  a  salamander  s 
red  blood  cell  focused  across  the  sht.  A  monochromatic  picture  of  the  slit 
and  of  the  part  of  the  cell  image  across  it  is  obtained  simultaneously  in 
every  line  of  the  mercury  spectrum.  Fig.  3,  Plate  2,  may  illustrate  this 
point  rather  better.  It  was  obtained  by  projecting  the  images  of  several 
human  red  cells  on  to  an  unusually  wide  slit — so  wide  in  fact  that  some 
of  the  images  overlapped.  It  is  proposed  to  call  this  type  of  record  a 
‘spectromicTograph’.  The  spectromicrograph  will  often  enable  the  main 
absorption  bands  of  the  specimen  to  be  determined  at  a  glance,  but 
for  quantitative  w'ork  the  variations  of  photographic  density  can  be 
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measured  by  scanning  the  plate  in  a  recording  microphotometer.  In  the 
case  of  a  line  spectrum,  a  scan  is  carried  out  vertically  across  the  cell 
at  each  wave-length.  Text-fig.  11  illustrates  the  results  of  such  a  plot 
carried  out  at  the  different  wave-lengths  on  a  single  frog’s  red  blood  cell. 
It  will  be  seen  that  at  436  m/a  and  particularly  at  405  mfx  (near  the  Soret 
band  of  oxy-haemoglobin  at  415  m/t)  there  is  intense  absorption  in  the 
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Text-fig.  10.  Ultraviolet  spectromicrography  with  the  reflecting  microscope. 

L.  Light  Bource.  C.  Condenser.  O.  Objective.  M.  Front-surface  aluminized  mirror.  S.  Slit  of 
spectrograph.  Q.  Quartz  prism.  P.  Photographic  plate.  An  image  of  a  projected  cell  is 

across  the  slit  of  the  spectrograph. 

cytoplasm  whereas  the  nucleus  shows  almost  no  absorption.  At  366  uifi, 
334  mp,,  and  312  mp.  neither  cytoplasm  nor  nucleus  show  a  special  ab¬ 
sorption.  The  nuclear  absorption  gradually  rises  below  297  m/z  until  at 
265  m/x  there  is  intense  nuclear  absorption  but  relatively  low  cytoplas¬ 
mic  absorption. 

It  will  be  appreciated  that  the  ability  to  obtain  a  record  in  so  many 
wave-lengths  by  a  single  exposure  results  in  a  great  saving  of  time  and 
labour.  The  ultimate  triumph  of  achromatism  is  seen  when  a  continuous 
source  of  radiation  is  used.  Fig.  4,  Plate  2,  shows  the  spectromicrograph  of 
a  red  cell  using  a  hydrogen  discharge  tube.  The  latter  emits  practieally 
continuous  radiation  between  2,000  and  3,500  A.  It  gives  us  virtually 
an  infinite  number  of  monochromatic  pictures.  A  recording  microphoto¬ 
meter  plot  can  now  be  carried  out  in  a  longitudinal  or  a  vertical  direc¬ 
tion.  The  longitudinal  plot  gives  the  variation  with  wave-length  of  the 
absorption  of  any  given  point  in  the  eell,  whereas  the  vertical  plot  gives 
the  variation  of  absorption  of  different  points  in  the  cell  at  the  same 
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wave-length.  The  use  of  a  continuous 
spectrum  gives  the  completest  pos¬ 
sible  picture  of  the  light  absorption 
characteristics  of  the  cell.  Such  a 
method  would  be  quite  impractic¬ 
able  without  a  completely  achromatic 
156  microscope  system,  for  it  is  essential 

that  all  wave-lengths  constituting  the 
image  should  be  in  identical  focus  on 
the  spectrograph  slit.  A  source  giving 
a  continuous  spectrum  from  the  ultra¬ 
violet  to  the  infra-red  would  be  most 
valuable,  but  unfortunately  none  such 
exists.  The  tungsten  lamp  continuum 
extending  upwards  from  the  near  ultra¬ 
violet  is  useful  for  some  purposes,  e.g. 
for  demonstrating  the  8oret  band  in 
haemoglobin  (Fig.  5,  Plate  2). 

An  important  advantage  of  the  use 
of  a  continuous  spectrum  is  that  it 
enables  us  to  observe  accurately  the 
absorption  peaks  of  substances  under 
the  conditions  within  the  cell,  and  to 
compare  them  with  the  same  sub¬ 
stances  in  free  solution  or  in  the  solid 
state.  Thus,  the  absorption  peak  of 
an  amino  acid  may  show  slight  shifts 
according  as  to  whether  it  is  in  the 
form  of  the  free  acid,  built  into  the 
structure  of  a  protein,  or  within  a 
cell.  This  type  of  information  on  the 
‘  fine  structure  ’  of  the  absorption  curve 
cannot  be  obtained  by  the  use  of  line 
spectra  alone,  and  provides  essential 
basic  data  for  quantitative  c>’to- 
chemistry. 

Spectromicrography  is  an  extremely 
sensitive  method  for  demonstrating 
local  concentrations  of  minute  quan¬ 
tities  of  certain  substances.  To  quote 


T-FiG.ll.  Absorption  of  Hcht  by  ^  i.  i  i. 

ig’s  red  blood  cell  at  ton  different  ^  Specific  instance  the  total  amount 


wave-lengths  (see  text).  of  haemoglobin  ill  a  human  red  cell  is 

only  30 X  lO"^^  ^  jg  possible  to  plot  variations  in  its  distribu¬ 

tion  within  the  cell.  The  method  should  be  of  use  in  the  identification 
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of  very  small  amounts  of  materials  such  as  antibiotics,  hormones,  &c., 
during  the  early  stages  of  chemical  isolation.  A  tiny  fragment  less 
than  10  fj,  in  diameter  and  weighing  less  than  10“^^  gm.  is  usually  ade¬ 
quate  for  a  spectromicrograph  (Fig.  6,  Plate  2).  Numerous  possibihties 
exist  in  the  direction  of  new  methods  of  biological  ‘labelling’.  Thus  it 
may  prove  possible  to  introduce  substances  having  very  characteristic 
absorption  bands  into  living  cells,  to  locate  them  within  the  cell  and 
to  follow  their  metabolic  changes.  Some  of  the  carcinogenic  hydro¬ 
carbons  having  absorption  bands  in  the  near  ultraviolet  which  could 
not  be  confused  with  any  bands  due  to  substances  normally  present  in 
the  cell,  are  being  investigated  at  present  (Barer,  Berenblum,  and  Jope^^). 
Much  of  what  we  have  said  concerning  the  ultraviolet  region  applies  in 
principle  to  the  visible  and  infra-red  regions  also,  but  direct  photo¬ 
graphic  methods  of  recording  are  not  so  easily  available.  Photographic 
densitometry  in  the  visible  region  is  complicated  by  the  use  of  sensitiz¬ 
ing  dyes  in  the  photographic  plates.  Standard  photographic  methods 
in  the  infra-red  are  only  available  as  far  as  13,000  A,  though  indirect 
methods  have  been  described  which  can  be  used  for  much  longer  wave¬ 
lengths.  In  any  case,  there  is  no  reason  why  the  usual  photoelectric  or 
thermal  methods  should  not  be  used.  Infra-red  spectroscopy  has  been 
of  enormous  service  to  organic  chemistry — the  infra-red  absorption 
spectrum  has  been  described  as  the  ‘finger-print  of  the  molecule’  and 
its  extension  to  microscopical  biological  material  might  prove  to  be  of 
considerable  importance. 


Workhig  Distance 

An  important  feature  of  the  Burch  reflecting  microscope  is  its  long 
working  distance.  When  in  focus,  the  distance  between  the  mounting 
of  the  small  mirror  and  the  specimen  is  about  13  mm.,  and  it  could  be 
increased  to  20  mm.  without  much  difficulty.  This  is  very  considerable 
as  compared  with  the  usual  objective  lens  of  equivalent  NA,  which  has 
a  working  distance  of  the  order  of  0-5  mm.  Even  with  an  immersion 
component  the  working  distance  may  be  as  great  as  6  mm.  This  feature 
is  of  particular  value  in  certain  types  of  work  such  as  micro-dissection. 
Not  only  does  it  enable  the  usual  moist  chamber  and  hanging  drop 
preparations  to  be  dispensed  with,  but  it  has  enabled  micro-dissections 
to  be  carried  out  on  the  surfaces  of  organs  such  as  the  spleen,  kidney, 
brain,  &c.,  exposed  in  the  living  anaesthetized  animal.  The  writer  has 
carried  out  such  manipulations  using  various  types  of  oblique  illumina¬ 
tion  and  quartz-rod  illumination.  There  is  no  doubt  that  the  scope  of 
mi  jo-dissection  has  been  greatly  extended  by  the  reflecting  microscope 
and  the  development  of  auxiliary  methods  of  illumination  specially 
adapted  to  this  purpose  is  highly  desirable.  Similar  remarks  apply  to 
the  use  of  the  instrument  as  a  high-power  capillary  and  skin  microscope 
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Numerous  other  applications  of  the  long  working  distance  suggest  them¬ 
selves,  such  as  observations  on  the  effect  of  radiations,  ultrasonic  waves, 
and  electric  fields  on  hving  cells,  and  in  fact  almost  any  work  in  which 
it  is  desired  to  study  cells  or  tissues  in  thick  chambers  or  which  necessi¬ 
tates  the  use  of  much  apparatus  concentrated  in  a  small  space  around 
the  object. 

Future  Developments 

The  writer  has  frequently  been  asked  whether  he  believes  that  the 
reflecting  microscope  will  ultimately  replace  the  refracting  microscope. 
There  is  no  simple  answer  to  this  question.  Much  depends  on  the  possi¬ 
bility  of  employing  mass-production  methods.  At  present,  the  construc¬ 
tion  of  a  high-performance  reflecting  microscope  is  very  difficult  and 
takes  many  months.  Perhaps  one  of  the  most  hopeful  possibilities  is 
that  suitable  mirrors  might  be  made  by  moulding  from  a  master  die. 
Assuming  that  the  mirrors  could  be  made  cheaply  and  of  durable 
material,  the  reflecting  microscope  might  very  well  compete  with  the 
lens  microscope.  As  a  result  of  ove  a  year’s  experience  with  the  Burch 
microscope,  the  writer  is  convinced  that  it  is  as  adaptable  and  easy  to 
use  as  any  other  type.  The  lens  microscope  will  probably  continue  to 
hold  its  own  as  a  routine  instrument,  but  for  research  purposes  we  may 
look  forward  to  the  reflecting  microscope  of  the  future — an  instrument 
of  NA  0-98,  increased  to  NA  1-4  by  fluorite  immersion  components, 
adapted  for  use  at  any  wave-length  between  1,000  A  (or  less)  and  50 /x, 
with  alternative  phase-contrast,  polarized  light,  or  ‘normal’  illumina¬ 
tion  at  all  wave-lengths,  and  with  facilities  for  absorption  spectroscopy 
in  any  spectral  range. 

g.  The  Electron  Microscope 

As  we  have  seen,  the  resolving  power  of  a  microscope  is  inversely 
proportional  to  the  wave-length  of  the  radiation  employed.  The  possi¬ 
bility  of  using  very  short  wave-length  ultraviolet  light  has  been  referred 
to  in  our  discussion  of  the  reflecting  microscope.  Very  much  shorter 
wave-lengths  can  be  attained  by  the  use  of  charged  particles  such  as 
electrons.  According  to  modern  physical  concepts  charged  particles  in 
motion  can  be  regarded  as  associated  with  trains  of  waves.  The  wave¬ 
length  of  an  electron  is  given  by  A  =  ^(150/F)  A.U.,  where  V  is  the 
accelerating  voltage.  Taking  V  =  50,000  volts,  A  =  0’05  A.U.,  i.e. 
about  100,000  times  smaller  than  the  wave-length  of  visible  light.  It  is, 
indeed,  fortunate  that  simple  means  of  focusing  electron  beams  exist, 
thus  rendering  possible  the  construction  of  an  electron  microscope. 
Electron  beams  can  be  focused  by  electrostatic  or  electromagnetic  fields. 
Although  electron  microscopes  have  been  constructed  using  both  electro- 
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static  and  electromagnetic  ‘lenses’,  the  latter  are  generally  superior  and 
are  used  in  most  commercial  models. 

A  comparison  of  the  lens  systems  of  the  optical  microscope  and  the 
electron  microscope  is  shown  in  Text-fig.  12.  The  superficial  similarity 
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Text-fig.  12.  Comparison  of  optical  and  electron  microscopes. 

(Courtesy  of  Metropolitan-Vickers  Ltd.) 

is  very  striking.  The  final  image  in  the  electron  microscope  is  recorded 
photographically  or  can  be  observed  visually  on  a  fiuorescent  screen. 

hereas  in  the  conventional  optical  microscope  contrast  is  obtained  by 
variations  of  intensity  due  to  differential  absorption  of  light  by  different 
parts  of  the  specimen,  in  the  electron  microscope  contrast  is  produced 
by  electron  scattering,  rather  than  absorption.  All  matter  scatters  elec- 
rons,  in  proportion  to  its  mass.  Electrons  are  scattered  in  passing 
rough  an  object,  and  those  electrons  which  are  scattered  at  a 
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sufficiently  great  angle  will  not  enter  the  aperture  of  the  objective  and 
will  play  no  part  in  the  formation  of  the  image. 

If  it  were  possible  to  employ  electron  lenses  as  well-corrected  as  are 
optical  lenses  the  theoretical  resolution  of  the  electron  microscope  would 
be  of  the  order  of  0-03  A.U.  Unfortunately,  technical  difficulties  make 
it  impossible  to  design  electron  lenses  even  moderately  free  from  aberra¬ 
tions.  Spherical  aberration  is  particularly  serious  in  electron  lenses  and 
necessitates  the  use  of  very  small  apertures.  Chromatic  aberration  arises 
from  the  fact  that  electrons  of  different  velocities  are  brought  to  different 
foci.  This  factor  can  be  largely  controlled  by  ensuring  a  very  stable 
current  and  voltage  supply.  For  a  full  discussion  of  aberrations  see 
Zworykin  et  The  result  of  these  aberrations  is  that  the  best  resolu¬ 
tion  of  present  instruments  is  of  the  order  of  20-30  A.  Such  resolutions 
are  only  obtainable  with  suitable  high-contrast  specimens  and  under 
optimum  conditions,  and,  in  practice,  with  biological  material  the  maxi¬ 
mum  resolution  usually  lies  between  50  and  100  A.  Resolution  as  good 
as  8-5  A  has  been  reported  by  Hillier®i  using  a  special  lens  and  electron 
gun.  Although  there  does  not  seem  to  be  any  immediate  prospect  of 
any  great  improvement  in  resolving  power  of  the  electron  microscope, 
it  must  be  admitted  that  a  resolution  of  100  A  and  a  useful  magnifica¬ 
tion  of  up  to  100,000  times  makes  it  a  very  powerful  research  tool. 
Several  standardized  commercial  models  are  available.  Examples  of 
these  are  the  ]\Ietropolitan- Vickers  EM2  and  EM3  models,  made  in  this 
country,  and  several  models  produced  by  RCA  in  America.  An  im¬ 
portant  new  model  has  been  introduced  by  Phillips.  The  Metro-Vick 
EM3  model  uses  a  100  K.V.  power  supply,  and  the  magnification  can 
be  varied  continuously  from  1 ,000  to  100,000  times.  Stereoscopic  photo¬ 
graphs  can  be  obtained  by  a  mechanism  w'hich  tilts  the  specimen  holder, 
and  the  instrument  is  readily  adaptable  for  electron  diffraction  w^ork. 
In  many  respects  the  operation  of  such  instruments  is  no  more  difficult 
than  that  of  an  optical  microscope.  Skilled  maintenance  is,  however, 
es.sential.  One  of  the  most  serious  disadvantages  of  the  electron  micro¬ 
scope,  from  the  biological  point  of  view',  is  that,  in  general,  the  specimen 
has  to  be  placed  in  a  vacuum.  This  itself  must  be  expected  to  produce 
gross  changes  in  the  structure  of  protoplasm.  In  addition  the  action  of 
the  intense  electron  beam  may  produce  distortion  due  to  heating,  charg¬ 
ing,  and  actual  tearing  of  the  specimen.  Extreme  caution  is,  therefore, 
necessary  in  interpreting  the  appearances  of  biological  objects  under  the 
electron  microscope.  The  use  of  ‘electron  stains’ — substances  such  as 
osmium  tetroxide  or  ])hosphotungstic  acid  which  can  be  used  to  increase 
contrast  in  some  specimens — is  also  open  to  similar  objections.  1  here  can 
be  little  doubt  that  much  misleading  work  has  been  published,  and  a 
more  critical  attitude  must  be  ado])ted  if  the  method  is  not  to  fall  into 
disrepute.  Despite  these  criticisms  much  valuable  information  has  been 
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obtained.  The  .work  of  Hall,  Jakus,  and  Sclimitt^^  on  the  structure 
of  striated  muscle  fibres  has  been  extremely  useful  in  confirming  the 
presence  of  several  striations  and  enabling  the  presence  and  orientation 
of  myosin  fibrils  to  be  observed.  The  same  workers  (Schmitt,  Hall,  and 
Jakus^®^)  have  also  shown  that  collagen  fibrils  show  regular  close  stria¬ 
tions  at  intervals  of  640  A. 

An  interesting  study  of  the  morphology  of  chick  tissue  culture  cells 
has  been  carried  out  by  Porter,  Claude,  and  Fullam^C  Observations 
were  made  on  the  cytoplasm  and  mitochondria  and  the  efifects  of  various 
fixatives  were  observed.  The  possibility  of  artefacts  was  constantly 
borne  in  mind.  Isolated  mitochondria  have  also  been  studied  by  Claude 
and  Fullam^®.  In  the  bacteriological  field,  the  electron  microscope  has 
revealed  details  of  the  morphology  of  numerous  viruses,  bacteriophages, 
and  bacteria  (Mudd  and  Anderson®C  Green,  Anderson,  and  8madeF®; 
Luria,  Delbruck,  and  Ander.son'^;  Dawson  and  McFarlane'^^j  Several 
biochemical  investigations  of  interest  to  cytologists  have  been  carried 
out.  These  include  the  study  of  actin  and  myosin  (Astbury,  Perry,  Reed, 
and  Spark^;  Jakus  and  Hall®^),  and  of  fibrin  (Wolpers  and  Ruska”'*). 
Space  does  not  permit  a  fuller  account  of  the  numerous  applications  of 
the  electron  microscope.  The  reader  is  referred  to  the  bibliography  for 
more  details. 


Future  Development,'^.  W'e  have  already  seen  that  the  resolution  of 
present  instruments  is  very  much  below  the  theoretical  maximum. 
There  is  no  doubt  that  considerable  improvement  is  possible  but  an 
entirely  new  approach  will  have  to  be  made  before  apertures  of  the  order 
of  those  employed  m  the  optical  microscope  can  be  attained.  Another 
possibility  is  the  use  of  particles  of  shorter  wave-length  than  the  elec¬ 
tron,  e.g.  atomic  ions.  The  proton  or  hydrogen  ion  ii  about  1,840  times 
as  heavy  as  the  electron,  and  has  a  wave-length  43  times  shorter.  An 
electrostatic  proton  microscope  is  now  being  built  at  the  College  de 
I  ranee.  Its  value  in  biological  research  may  be  limited  as  the  pene¬ 
trating  power  of  the  proton  is  very  low. 

of  increasing  resolving  power,  improved 
nethods  of  preparation  of  specimens  are  required.  At  the  moment  the 

'rooo’rm.rV"'^'*’'.®  of  the  specimen  is  limited  to  about 

>  •  (  p).  (ontra.st  tends  to  be  lost  above  this.  Relatively  few 

bmlogieal  specimens  are  suitable  for  direct  electron  microscopy.  Some 
p  o„ie.ss  IS  being  made  in  the  development  of  high-speed  miCTotomes 
«  pable  of  cutting  sections  less  than  0-1  p  in  thickness  (Richards  el  al  »«'• 

at  tP'  of  distortim.  appear!  to  be 

inevitable.  One  solution  may  be  the  use  of  much  higher  accelerating 

ages,  with  greater  penetrating  power,  enabling  the  use  of  thicker 
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employed,  such  as  Formvar,  collodion,  and  methyl  methacrylate -silica 
(Brown  and  Jones-®).  The  appearances  of  such  replicas  are  not  always 
easy  to  interpret  (see  Barnes,  Burton,  and  Scott^®,  for  a  very  good 
example  of  optical  illusion  in  replica  photography).  Another  useful 
method  is  that  of  ‘shadow-casting’  whereby  the  specimen  is  coated 
obliquely  by  a  thin  layer  of  metal  such  as  gold  or  chromium  (Williams 
and  Wyckoff^i^).  guch  indirect  methods  are,  however,  time-consum¬ 
ing  and  tell  us  Uttle  of  the  internal  structure  of  the  specimen.  (Reed 
and  Rudall®^  have  recently  described  a  promising  ‘layer-stripping’  tech¬ 
nique.)  There  appears  to  be  little  possibility  of  examining  living  material 
by  present  methods.  Von  Ardenne  and  Friedrich-Freksa^  claimed  to 
have  observed  the  germination  of  spores  of  Bacillus  Vulgatus  after 
examination  in  a  180  K.V.  electron  microscope,  but  this  is  an  exceptional 
instance.  A  thin-walled  specimen  chamber  enabling  the  use  of  water 
has  been  described  by  Abrams  and  McBain^,  but  as  a  film  of  water  1  fx 
thick  is  opaque  to  electrons  it  has  very  limited  application.  Another 
possibiUty  is  the  use  of  ‘shadow’  microscopes  in  which  the  specimen  is 
made  to  cast  a  shadow  in  a  beam  of  X-rays  originating  from  a  print 
source  formed  by  focusing  a  beam  of  electrons  on  a  fine  metal  foil.  The 
specimen  need  not  be  dehydrated  or  in  a  vacuum,  but  the  practical 
apphcation  is  limited  by  the  low  intensity  of  the  X-ray  beam.  If  the 
writer  has  been  more  concerned  with  a  discussion  of  the  limitations  rather 
than  the  achievements  of  the  electron  microscope,  it  is  because  he 
feels  that  these  points  are  not  as  fully  appreciated  as  they  should  be. 
Increased  magnification  and  an  entirely  new  type  of  contrast  have 
brought  their  own  peculiar  difficulties  in  interpretation,  quite  apart 
from  the  possibiUty  of  artefacts.  At  the  same  time  when  we  remember 
that  the  electron  microscope  is  at  the  same  stage  of  development  as  the 
optical  microscope  before  the  invention  of  the  achromatic  lens  there  are 
real  grounds  for  optimism. 

h.  Conclusion.  The  Future  of  Microscopy 

Only  twenty  years  ago  it  seemed  as  if  the  microscope  had  reached 
almost  its  final  stage  of  development.  To-day  the  position  is  very 
different.  Powerful  new  methods  are  being  developed  in  every  part  of 
the  world,  and  it  seems  as  if  we  are  witnessing  the  dawn  of  an  inspiring 
Golden  Age  of  Microscopy.  It  appears  that  most  progress  will  be  made 
by  using  the  microscope  as  a  kind  of  interferometer  rather  than  as  a 
mere  magnifying  glass.  It  is  a  great  tribute  to  Abbe  that  for  all  its 
shortcomings,  his  theory  of  image  formation  should  provide  the  basis 
for  the  development  of  new  techniques— in  electron  optics  as  well  as 
light  microscopy.  On  the  purely  technical  side  we  may  look  forward  to 
the  use  of  new  glasses  and  plastics,  a  more  universal  use  of  asphcrical 
surfaces,  anti-reflection  coating  of  lenses,  and  other  processes  which  will 
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undoubtedly  lead  to  considerable  improvements  in  performance.  The 
microscopist  of  to-day  is  indeed  fortunate,  for  to  him  especially  apply 
the  words  of  Henry  Baker,  F.R.S.,  written  200  years  ago  in  the  intro¬ 
duction  to  his  book.  The  Microscope  Made  Easy: 

That  Man  is  certainly  the  happiest,  who  is  able  to  find  out  the  greatest 
Number  of  reasonable  and  useful  Amusements,  easily  attauiable  and  within 
his  Power:  and,  if  so,  he  that  is  delighted  witli  the  Works  of  Nature,  and 
makes  them  his  Study,  must  undoubtedly  be  happy ;  since  every  Animal, 
Flower,  Fruit,  or  Insect,  nay,  almost  every  Particle  of  Matter,  affords  him 
an  Entertainment.  Such  A  Man  never  can  feel  his  Time  hang  heavy  on  his 
hands,  or  be  weary  of  himself,  for  want  of  knowing  how  to  employ  his 
Thoughts :  each  Garden  or  Field  is  to  him  a  Cabinet  of  Curiosities,  every  one 
of  which  he  longs  to  examine  fully ;  and  he  considers  the  whole  Universe  as 
a  Magazine  of  Wonders,  which  infinite  Ages  are  scarce  sufficient  to  contem¬ 
plate  and  admire  enough. 

Addendum 

Progress  in  Microscopy  has  been  extremely  rapid  and  some  portions 
of  the  above  article  require  amendment.  Of  recent  advances  pride  of 
place  must  be  given  to  Gabor’s  remarkable  theory  of  ‘  Wave-front  re¬ 
construction  microscopy’.  (D.  Gabor,  Nature,  161,  777,  1948.  A  full 
account  will  appear  in  Proc.  roy.  Soc.  a.)  The  importance  of  this  work 
lies  not  so  much  in  its  possible  practical  applications  as  in  its  brilliant 
conception  of  the  mode  of  image  formation.  It  is  undoubtedly  the  most 
important  advance  in  wave  theory  since  Zernike’s  development  of  phase- 
contrast  microscopy.  The  original  papers  must  be  consulted  for  an 
account  of  the  theory,  but  the  chief  practical  application,  on  which 
experimental  work  is  now  in  progress,  is  in  electron  microscopy.  It 
®^gg®sts  a  method  whereby  the  resolution  of  the  electron  microscope 
may  be  improved  to  something  of  the  order  of  1-2  A.U.  without  having 
to  reduce  the  aberrations  of  electron  lenses.  Even  if  these  experiments 
fail,  Gabor’s  theory  is  nevertheless  assured  of  a  lasting  place  in  Micro¬ 
scopy. 

The  phase-contrast  microscope  has  now  become  almost  a  routine 
instrument  in  many  fields  of  work,  and  several  firms  are  now  producing 
new  models.  A  special  instrument  allowing  full  control  of  both  phase 
and  amplitude  (Cooke,  Troughton,  and  Simms)  has  been  tested  in  the 
writer’s  laboratory.  Broadly  speaking,  it  was  found  that  the  ability  to 
vary  the  phase  w^as  not  of  very  great  value,  as  retardations  of  JA  or 
thereabouts  were  most  universally  useful,  but  amplitude  variation  over 
a  fairly  wide  range  and  the  ability  to  change  rapidly  from  positive  to 
negative  phase  contrast  were  helpful  in  many  problems.  A  simple 
variable  amplitude  instrument  should  fulfil  many  needs. 

Work  on  the  applications  of  the  Burch  reflecting  microscope  has  also 
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continued.  The  extension  of  spectromicrographic  methods  to  the  infra¬ 
red  region,  foreshadowed  in  the  above  article,  has  now  been  carried 
out  (Barer,  Cole,  and  Thompson,  Nature,  163,  198,  1949;  Barer,  Lancet, 
1949,  p.  533).  The  Burch  microscope  has  now  been  used  over  a  spectral 
range  extending  from  2,200  A.U.  in  the  ultraviolet  to  Up.  in  the  infra¬ 
red.  A  survey  of  the  possible  applications  of  infra-red  spectromicro- 
graphy  to  biological  material  is  now  in  progress.  A  study  of  dichroism 
of  crystals  and  fibres  has  also  been  carried  out  using  polarized  light  both 
in  the  ultraviolet  and  infra-red.  A  full  review  of  work  on  the  reflecting 
microscope  will  be  given  in  a  forthcoming  issue  of  the  Journal  of  the 
Royal  Microscopical  Society. 

Another  type  of  infra-red  microscopy  recently  investigated  by  the 
writer  has  involved  the  use  of  photo-electric  image  converters  working 
at  18,000  volts.  This  has  rendered  possible  the  actual  visualization  of 
infra-red  images  at  a  wave-length  of  about  1  p.  The  enormous  advantage 
of  being  able  to  see  the  infra-red  image  without  all  the  attendant  diffi¬ 
culties  of  focusing  and  photography  will  be  appreciated.  Infra-red  phase- 
contrast  microscopy  has  been  carried  out  in  this  manner  with  interest¬ 
ing  results.  Image  converters  may  have  many  uses  in  microscopy,  since 
it  is  possible  to  increase  the  brightness  of  very  faint  images.  An  image 
converter  for  use  in  ultraviolet  microscopy  would  be  extremely  valuable. 

An  ingenious  scheme  for  increasing  the  working  distance  of  an 
objective  has  been  proposed  by  J.  Dyson  {Nature,  163,  400,  1949.  A 
full  account  will  appear  in  Proc.  Phys.  Soc.)  This  is  essentially  a 
reflecting  microscope  of  unit  magnification,  the  image  from  which  can 
be  examined  by  an  ordinary  objective.  The  writer  has  had  the  oppor¬ 
tunity  of  testing  this  apparatus,  and  there  is  no  doubt  of  its  efficacy. 
Working  distances  of  up  to  34mm.  can  be  achieved  with  an  NA  of  0*5. 
A  rough  trial  showed  that  the  system  functioned  satisfactorily  with 
phase-contrast  illumination. 

An  illustration  of  the  way  in  which  new  advances  can  be  made  even 
in  fields  which  have  apparently  been  fully  explored  is  the  construction 
by  Boutry  and  Billard  {C.R.  Acad.  Sci.  Paris,  224,  1496,  1947)  of  a 
new  type  of  ‘polychromatic’  lens  objective.  Instead  of  attempting  to 
achieve  achromatism,  spherical  aberration  and  coma  have  been  cor¬ 
rected  for  one  wave-length,  and  by  suitable  design  have  been  kept  fairly 
constant  over  a  wide  range  of  wave-lengths.  The  objectives  are  made 
of  one  material  only  and  in  the  simplest  form  consist  of  uncemented 
doublets.  It  is  essential  to  use  monochromatic  light,  but  unlike  the 
usual  monochromatic  objectives  there  is  no  deterioration  in  the  image 
over  a  wide  spectral  range.  The  objectives  have  an  exceptionally  large 
angular  field,  which  makes  the  use  of  an  ordinary  eyepiece  impossible. 
Nevertheless,  this  feature  should  be  useful  in  photomicrography.  Objec¬ 
tives  of  this  type  may  have  great  possibilities  for  ultraviolet  work. 
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DESCRIPTION  OF  PLATES 
PLATE  1 

Fig.  1.  Part  of  cell  of  salivary  gland  of  Chironomus,  showing  nucleus,  nucleolus, 
and  chromosomes.  Fresh,  unstained.  Phase -contrast  NA  0-65  x  600. 

Fig.  2.  Living  cells  in  tissue  culture  (snail  amoebocytes).  Note  intracellular 
granules  and  delicate  protoplasmic  processes.  Phase -contrast  NA  0-65  x  600. 

Fig.  3.  Living  cells  from  testes  of  salamander,  showing  chromosome  patterns. 
Phase -contrast  NA  0-65  x  600. 

Fig.  4.  Red  blood  corpuscles  of  salamander.  Note  the  remarkable  banded 
appearance,  which  has  also  been  observed  in  other  amphibian  red  cells.  Phase - 
contrast  NA  0-65  x  600. 

Fig.  5.  Living  bacteria  {B.  megatherium).  Note  the  intracellular  bodies,  which 
are  a  prominent  feature  in  some  species.  Phase -contrast  NA  1-30x2,000. 

0  ^^x  1  ^  smear  (unstained).  Phase -contrast  NA 

Fig.  7.  Unstained  preparation  of  Psittacosis  virus  particles.  The  larger  black 
masses  are  probably  clumps  of  virus,  the  pale  grey  bodies  are  the  individual 
elementary  bodies.  Phase-contrast  NA  1-30  x  1,600. 

Fig.  8-  Living  bacteria  (R.  Lactis  aerogenes)  growing  in  the  presence  of  strepto- 
L30x  1  500  ^  intracellular  bodies.  Phase -contrast  NA 


Angulatum.  NA  0-65  x  2,000.  This  figure,  and 
■g.  7,  Plate  1,  il  ustrate  the  resolution  obtainable  by  the  phase-contrastmethod 

melhX  that  obtainable  by  oonvltionai 

P™  2  0  -"o-  -““y  visible, 

bios.  2-6.  Spectromicrography  with  the  refiecting  microscope. 
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Fig.  2.  Spectromicrograph  of  nucleated  red  cell  (salamander).  Mercury  arc. 
The  nuclear  region  is  in  the  centre  of  each  line.  Note  that  the  nucleus  appears 
white  (low  absorption)  at  wave-lengths  above  297  ra/x,  and  dark  below  this. 
Note  also  the  intense  cytoplasmic  absorption  (due  to  haemoglobin)  at  405  m/x. 

Fig.  3.  Spectromicrograph  of  a  group  of  human  red  cells,  taken  with  a  very 
wide  spectrograph  slit.  Mercury  arc.  This  illustrates  the  fact  that  the  record 
obtamed  is  a  set  of  simultaneous  monochromatic  photomicrographs.  It  will  be 
observed  that  owing  to  the  variations  in  intensity  in  the  spectral  lines,  some 
wave-lengths  appear  to  bo  over-exposed,  others  imder -exposed.  It  is  usual  to 
take  two  or  three  exposures  in  order  to  allow  for  this. 

Fig.  4.  Spectromicrograph  of  nucleated  red  cell  (frog).  Hydrogen  discharge 
lamp.  This  illustrates  the  type  of  record  obtained  with  a  continuous  spectrum. 
It  enables  the  exact  wave-lengths  of  absorption  bands  to  be  determined. 

Fig.  5.  Spectromicrograph  of  nucleated  red  cell  (frog).  Tungsten  filament 
lamp.  This  lamp  gives  a  useful  continuum  in  the  infra-red,  visible,  and  near 
ultraviolet  regions.  It  is  valuable  for  work  on  blood  cells  as  it  covers  the  range 
of  the  important  Soret  absorption  of  haemoglobin.  This  is  seen  in  the  figure  as 
a  dark  area  in  the  cytoplasm. 

Fig.  6.  Spectromicrograph  of  a  microscopic  crystal  (weight  approx.  lO-i*  gm.) 
of  1,  2,  5,  6,  dibenzanthracene.  Tungsten  lamp.  Wave-length  range  approxi¬ 
mately  that  shown  in  Fig.  5. 

PLATE  3 

Plates  3  and  4  show  electron  microscope  photographs  of  snail  amoebocytes 
grown  in  tissue  culture  (Barer,  Crawford,  and  Pease,  1949).  The  objects  of  this 
work  are  (a)  to  study  the  morphology  of  invertebrate  cells  with  the  electron 
microscope,  (6)  to  study  the  action  of  fixatives  and  other  physical  and  chemical 
reagents  on  cell  ultra-structure.  These  photographs  illustrate  the  type  of  in¬ 
formation  obtained  and  some  of  the  problems  encountered  with  this  technique. 

Fig.  1.  General  low-power  view  of  formalin  fixed  cellx  1,400.  The  peripheral 
cytoplasm  and  delicate  fibrils  are  well  seen  but  the  nuclear  area  is  too  dense  to 
allow  any  detail  to  be  seen.  Note  the  small  white  ‘holes  ’  in  the  perinuclear  region. 

Fig.  2.  View  of  peripheral  cytoplasm  in  cell  fixed  with  osmium  tetroxide 
vapour  X  4,000.  Note  finely  granular  appearance  of  the  cytoplasm,  characteristic 
of  osmic  fixation.  The  cell  margin,  though  sharp  in  outline,  shows  no  features 
which  suggest  the  existence  of  a  morphological  cell  membrane.  A  few  dense 
black  bodies  are  seen  in  the  cytoplasm,  particularly  in  the  perinuclear  region. 

Fig.  3.  Nuclear  region  of  osmium  fixed  cell  X  2,700.  In  this  case  some  indica¬ 
tion  of  nuclear  structure  was  obtained  but  owing  to  the  thickness  of  the  nucleus 
the  detail  is  hazy.  It  may  be  possible  to  obtain  better  nuclear  detail  by  the  use 
of  very  high  voltage  electron  microscopes  (see  Dorsten,  Oosterkamp,  and  Lo  Poole, 
Phillips  Technical  Review,  9,  193,  1947). 

Fig.  4.  This  shows  the  dense  black  perinuclear  bodies  characteristic  of  osmic 
fixation. 

Fig.  5.  View  of  peripheral  region  of  a  cell  fixed  in  formalin  and  treated  with 
a  weak  solution  of  Lanthanum  nitrate,  x  1,800.  Note  the  delicate  protoplasmic 
fibrils.  Compounds  containing  heavy  metals,  such  as  phosphotungstic  acid,  phos- 
phomolybdic  acid,  &c.,  are  often  used  as  ‘electron  stains’  for  increasing  contrast 
in  biological  materials. 

Fig.  6.  Cytoplasm  of  cell  fixed  in  formalin  and  then  treated  with  osmium  tetroxide 
vapour.  Note  the  finely  granular  appearance.  The  cytoplasmic  processes  in  this 
case  are  rather  broad  and  appear  to  have  almost  a  striated  structure.  X  4,000. 
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Fig.  7.  Periphery  of  cell  fixed  in  formalin  and  ‘stained’  with  Lanthanum 
nitrate.  This  illustrates  a  fairly  common  appearance,  namely  a  rather  dense 
region  of  cytoplasm  at  the  cell  margin  (see  also  Plate  4,  Figs.  1  and  8).  X  4,400. 

Fig.  8.  Cytoplasm  of  cell  fixed  in  picric  acid,  X  7,000.  Note  the  network  ap¬ 
pearance  and  the  absence  of  a  definite  cell  edge.  This  method  of  fixation  im- 
doubtedly  produces  gross  precipitation  artefacts. 


Fig. 


PLATE  4 

1.  View  of  cytoplasm  near  edge  of  cell  after  fixation  in  1  per  cent,  chromic 


acid.  Note  interlacing  network  appearance  and  denser  zone  at  periphery. 
X  7,000. 

High -power  view  of  perinuclear  ‘holes’  in  cell  fixed  in  formalin  vapour. 


Fig.  2. 
X  21,000. 

Fig.  3. 
tetroxide, 
strands. 
Fig.  4. 


High-power  view  of  dark  perinuclear  bodies  in  cell  fixed  in  osmium 
,  Some  of  these  bodies  appear  to  be  joined  together  by  long  narrow 
X  16,000. 

The  difference  in  appearance  of  the  perinuclear  region  in  osmium  and 
formalin  fixed  cells  is  very  striking  and  difficult  to  interpret.  In  general,  osmium 
fixation  produces  the  appearance  of  dark  perinuclear  bodies,  whereas  formalin 
fixation  results  in  the  formation  of  perinuclear  ‘holes’.  The  exact  relationship 
of  the  dark  bodies  to  the  ‘holes’  is  at  present  undecided.  This  figure  shows  an 
appearance  occasionally  seen  in  cells  which  have  been  fixed  in  formalin  and  then 
impregnated  with  osmium.  It  suggests  a  mixture  of  dark  bodies  and  ‘holes’. 
Note  that  one  dark  body  appears  to  lie  in  the  centre  of  a  ‘hole  ’.  x  8,000. 

Fig.  5.  Another  cell  in  which  a  mixture  of  bodies  and  ‘holes’  is  found.  This 
cell  was  fixed  in  formalin  vapour  and  is  a  rare  appearance,  x  1 1,000. 

Fig.  6.  View  of  holes’  in  a  formalin  fixed  cell  shadowed  with  chromium. 
X  8,000.  This  techmque  shows  that  the  white  areas  seen  in  a  transmission  photo¬ 
graph  are,  in  fact,  crater-like  spaces.  The  depth  of  the  craters  can  be  calculated 
from  the  length  of  the  shadows,  and  is  approximately  013  fx.  The  entire  question 
of  the  nature  of  the  perinuclear  inclusions  in  these  cells  is  at  present  under  in¬ 
vestigation.  Experiments  carried  out  with  phase -contrast  microscopy  suggest 
that  the  ‘holes  ’  may  be  drying  artefacts.  Nevertheless,  the  regularity  with  which 
these  ‘holes’  appear  would  seem  to  indicate  that  they  are  formed  in  relation  to 
some  definite  structure  normally  present  within  the  cell.  The  problem  affords 
a  good  example  of  the  way  in  which  artefacts  may  arise  and  of  the  need  for 
caution  in  the  interpretation  of  electron  microscope  images. 

Fig.  7.  Peripheral  fibrils  of  cell  fixed  in  formalin  and  shadowed  with  gold- 
manganm.  The  height  of  the  fibrils  is  calculated  to  be  about  250  A.U.  (0-025 u). 
Fibrils  as  thm  as  150  A.U.  have  also  been  observed.  It  must  be  remembered  that 
considerable  shrinkage  may  occur  as  a  result  of  drying,  x  14,000. 

Flo.  8.  View  of  periphery  of  cell  fixed  in  formalin  and  shadowed  with  gold- 
ma,nga^.  Th|3  technique  enables  us  to  shed  light  on  the  problem  of  the  nature 
of  the  dense  cell  margin  (see  also  Fig.  7,  Plate  3).  The  distribution  of  the  shadow 
makes  it  certain  that  this  margin  is.  in  fact,  a  raised  rim  in  some  cells.  The 
direction  of  shadowmg  is  from  top  left  to  bottom  right.  Note  that  in  some  places 

3  has  resulted  in  a  shadow  bemg  cast  on  the  cell  itself.  The  height  of  the  cell 

Zlud  tlir;  "  bTr  Tho  P-^»ce  of  a  raised®  rim  does  Tot 

exclude  the  possibility  suggested  by  Porter  el  al.>‘  that  there  may  be  a  dense 

ectoplasmic  layer  as  well,  but  makes  this  suggestion  less  likely.  ^ 
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PHYSICAL  AND  PHYSIOCHEMICAL  STUDIES 

OF  CELLS 

By  J.  F.  DANIELLI 

i.  Introduction 

IN  this  chapter  typical  examples  are  given  of  the  results  obtained  by 
investigating  cells  by  physical  methods.  Our  endeavour  is  not  to  be 
exhaustive,  but  to  show  the  types  of  questions  which  may  be  answered 
physical  methods  and  to  indicate  some  of  the  hmitations  of  these 
methods.  In  conclusion  we  shall  discuss  the  use  of  models  of  biological 
systems,  again  not  exhaustively,  but  mainly  in  the  light  of  relatively 
new  knowledge  of  colloids  and  surfaces.  In  doing  so  we  do  not  wish  to 
convey  the  view  that  a  superficial  similarity  of  behaviour  of  some  bio¬ 
logical  systems  and  certain  models  affords  any  large  measure  of  plausi¬ 
bility  to  the  conclusion  that  the  underlying  mechanisms  are  the  same  in  the 
two  cases,  but  rather  to  show  how  the  feasibility  of  hypotheses  about 
biological  systems  may  be  tested,  in  the  absence  of  sufficient  detailed 
knowledge  of  the  biological  system  for  proof  of  existence  to  be  obtained. 
For  example,  when  we  postulate  that  the  plasma  membrane  of  an 
Arbacia  egg  is  a  spherical  shell  of  lipoid  material,  we  are  assuming  that 
such  shells  are  stable.  This  assumption  must  be  tested  by  the  construc¬ 
tion  of  artificial  spherical  shells  of  hpoid.  That  artificial  shells  are  stable 
shows  us  that  the  postulated  structure  is  a  possible  one,  though  it  tells 
us  little  about  the  probability  that  this  structure  actually  exists  in 
the  egg. 


ii.  Radiations 

a.  The  Uses  of  Radiations 

The  earliest  observations  in  the  realm  of  cytology  were  made  with 
visible  light,  and  the  development  of  the  field  has  been  intimately  linked 
with  progress  in  microscopical  methods.  In  consequence  the  use  and 
merits  of  the  refracting  microscope  are  too  well  known  to  need  discus¬ 
sion  here.  Recently,  however,  as  a  result  of  the  enterprise  of  Burch, 
a  small  number  of  reflecting  microscopes  have  become  available.  Magni¬ 
fication  is  achieved  in  a  reflecting  microscope  by  the  use  of  curved 
mirrors,  which  results  in  two  important  practical  advantages  over  the 
refracting  microscope :  the  working  distance  between  the  object  and  the 
mirror  equivalent  of  the  objective  is  of  the  order  of  a  centimetre,  even 
with  a  numerical  a})ertiire  of  1-4  and  optimal  condenser  conditions;  and 
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when  once  in  focus  for  light  of  one  wave-length,  the  object  is  in  focus 
for  all  wave-lengths  from  the  far  ultraviolet  to  the  infra-red:  there  is 
no  chromatic  aberration.  Comparatively  little  work  has  been  done  with 
this  instrument  to  date,  but  much  may  be  expected  of  it. 

Of  recent  years  much  attention  has  been  paid  to  the  use  of  polarized 
light,  interference  (phase-contrast)  methods,  ultraviolet  light.  X-rays, 
and  electron  beams.  The  necessity  of  using  radiations  of  different  wave¬ 
lengths  is  thrust  upon  us  because  (1)  a  body  absorbs  light  to  an  extent 
which  varies  with  wave-length,  (2)  a  body  has  different  refractive  in¬ 
dices  at  different  wave-lengths,  and  (3)  the  limit  of  resolution  is  about 
half  the  wave-length  of  the  form  of  radiation  employed.  Thus  the 
theoretical  Hmits  of  resolution  are  roughly:  visible  light  0-25 jx,  ultra¬ 
violet  hght  0-1  [X,  electron  beams  0*01  m/x.  X-rays  <  0-01  mfx.*  Owing 
to  practical  limitations  electron  beams  can  at  present  be  used  down  to 
about  4  mfx  only,  but  as  X-rays  are  useful  up  to  a  limit  of  50  m/x  or  more, 
the  whole  range  from  macroscopic  bodies  down  to  molecular  dimensions 
is  now  open  for  study. 

The  use  of  ultraviolet  light  extends  the  range  of  vision  by  compara¬ 
tively  little,  but  nevertheless  has  shown  some  protoplasmic  structures 
not  readily  studied  by  ordinary  light,  such  as  the  spiralization  in  pro- 
phase  of  somatic  chromosomes  in  certain  plants  (Manton),  and  in 
the  hands  of  Caspersson  has  been  of  much  value  for  cytochemical 
studies,  chiefly  of  the  distribution  of  nucleic  acid  in  cells.  Caspersson 
pointed  out  that  the  pyrimidine  rings  of  nucleic  acid  have  an  excep¬ 
tionally  high  capacity  for  absorbing  light  in  the  ultraviolet  at  about 
2,600  A.  Thus  the  detail  seen  in  a  photograph  taken  at  2,600  A  is 
mainly  determined  by  the  distribution  of  purine  and  pyrimidine,  which 
are  beheved  to  be  mainly  present  in  cells  as  nucleic  acid.  By  careful 
investiption  of  the  necessary  instrumentation,  Caspersson  has  found 
it  possible  to  develop  quantitative  microspectrophotometric  methods 
which,  taken  at  their  face  value,  permit  one  to  calculate  the  exact 
amount  of  nucleic  acid  in  a  particular  region  of  the  cell  with  an  overall 
error  of  the  order  of  dilO  per  cent.  There  are,  however,  at  least  three 
remaining  difficulties  to  be  overcome  before  the  quantitative  data  can 
be  evaluated.  First,  the  technique  measures  absorption  by  purine  and 
pyrimidine,  which  may  be  present  in  other  bodies  in  addition  to  nucleic 
acid.  Thus  J.  Panijel  has  recently  found  purine  forming  an  integral 
part  of  a  protein  isolated  from  Ascaris  sperm,  which  thus  has  an  absorp¬ 
tion  spectrum  similar  to  that  of  a  nucleoprotein,  but  which  contains 
no  nucleic  acid.  Consequently  supplementary  techniques  are  necessary 
lor  determining  the  type  of  molecule  in  which  the  purine  and  pyrimidine 


ea  cells  10^,  B.  cdi  2fi,  vaccinia  virus  150  m^,  tobacco  mosaic  virus  30  mu 
ovalbumm  5  m^,  cholesterol  molecule  1-0  m/x,  water  molecule  0-3  m/x. 
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are  incorporated,  as  was  pointed  out  by  Danielli  earlier^^.  Second,  it  is 
necessary  to  make  a  correction  for  light  scattering  in  the  specimen  under 
examination.  This  is  usually  done  by  assuming  that  the  scattering 
varies  as  But  it  is  known  that,  in  some  systems  at  least,  the  varia¬ 
tion  is  a  function  of  particle  size,  varying  as  A-2  for  particles  of  the  order 
of  10  m/x  or  smaller,  to  A-^  for  particles  of  the  order  of  1  /x  or  larger.  This 
IS  a  range  of  particular  importance  in  cytology.  Third,  it  is  not  known 
whether  an  area  consisting  of  a  mosaic  of  nucleic  acid  and  other  material, 
in  which  the  nucleic  acid  is  in  particles  which  are  below  the  resolving 
power  of  the  wave-length  used,  will  absorb  as  though  the  nucleic  acid 
were  uniformly  distributed.  Until  these  problems  have  been  solved  the 
main  value  of  the  ultraviolet  microscope  will  lie  in  its  use  for  micro¬ 
photography.  In  this  field  many  valuable  results  have  been  obtained, 
for  example  the  distribution  of  nucleic  acids  in  the  chromosomes^ 
nucleoh,  and  cytoplasm  of  cells,  and  changes  in  this  distribution  caused 
by  physiological  activity  and  disease.  Much  of  this  work  has  been 
summarized  recently^^®* 

At  present,  little  has  been  attempted  with  infra-red  microscopy.  But 
it  is  a  field  which  merits  serious  attention. 

The  purpose  of  using  polarized  light  is  rather  different;  it  enables 
us,  though  still  using  visible  light,  to  detect  birefringent  regions,*  i.e. 
regions  in  which  there  are  certain  types  of  regular  molecular  or  micellar 
patterns.  Picken  has  given  an  excellent  review  of  this  field  up  to  1 9401^4. 
As  examples  of  the  use  of  polarized  fight  we  may  take  studies  on  tobacco 
mosaic  virus,  on  chromosomes  and  cell  division,  and  on  muscle. 

Concentrated  suspensions  of  some  colloidal  particles  are  spontaneously 
birefringent.  With  tobacco  mosaic  virus,  combined  birefringence  and 
X-ray  studies  show  that  in  the  spontaneously  birefringent  suspensions, 
which  are  formed  under  certain  conditions,  there  are  present  needle- 
shaped  virus  particles  which  are  oriented  with  their  long  axes  parallel 
to  one  another  (Bernal  and  Fankuchen^^).  The  position  of  the  needles 
is  maintained  by  long-range  forces  whose  nature  is  unknown. 

The  chromosomes  of  many  species  are  birefringent,  and  Schmidt^®® 
showed  that  the  chromatin  micelles  of  the  chromosomes  of  Psamechinus 
miliaris  are  negatively  birefringent,  but  that  the  micelles  are  arranged 
in  the  chromosomes  in  such  a  way  as  to  make  the  chromosome  positively 
birefringent  with  respect  to  its  long  axis.  The  mitotic  spindle  and  asters 
are  birefringent,  and  the  birefringence  of  the  spindle  is  not  lost  on 
damaging  the  cell  until  the  spindle  swells.  This  suggests  very  strongly 
that  the  spindle  is  an  aggregate  of  long  micelles  oriented  parallel  to  its 
length — a  view  which  is  supported  by  the  fact  that  on  dehydration  the 
spindle  changes  in  breadth  but  not  in  length.  M.  M.  Swann^®^  Las 

*  Regioixs  in  which  molecular  orientation  or  particle  orientation  occurs  are, 
under  appropriate  conditions,  optically  anisotropic  (see  Lowry^^*). 
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recently  obtained  improvements  in  polarization  technique  which  seem 
hkely  to  facilitate  the  analysis  of  systems  of  weak  birefringence. 

The  muscle  fibre  contains  myosin— a  protein  which  is  threadlike  and 
is  known  to  show  birefringence  in  vitro  in  a  flowing  stream,  due  to 
orientation  of  micelles  parallel  to  the  lines  of  flow.  This  protein  is 
generally  beheved  to  be  responsible  for  the  birefringence  of  the  muscle 
fibre,  being  oriented  parallel  to  the  fibre  axis.  The  striation  of  the  fibres 
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Text-fig.  1.  Structure  of  myelin  sheath  of  a  nerve  fibre. 


of  striped  muscle  is  believed  to  be  due  to  alternating  regions  of  orienta¬ 
tion  and  disorientation,  the  myosin  in  the  isotropic  regions  being 
oriented  at  random,  and  in  the  anisotropic  regions  oriented  parallel  to 
the  fibre  axis  (von  Miiralti^^).  BernaU^  j^^s  suggested  that  in  the  appa¬ 
rently  isotropic  (non-birefringent)  region  the  molecular  packing  is  closer 
than  in  the  anisotropic  region,  and  the  direction  of  orientation  is  at  an 
angle  to  the  fibre  axis.  In  contraction  the  birefringent  regions  decrease 
in  size  and  the  isotropic  regions  increase  in  size.  X-ray  studies  of 
muscle  contraction  have  not  yet  proved  very  fruitful,  though  some 
changes  have  been  observed  which  possibly  occur  in  the  myosin  mole¬ 
cule  during  construction  (Astbury^). 

Birefringence  has  also  been  observed  in  other  contractile  tissues,  in¬ 
cluding  cilia  and  pseudopodia.  It  is  probably  true  that  most  proto¬ 
plasmic  movement  is  associated  with  changes  in  the  arrangement  of 
long  protein  molecules.  Frey-WyssUng®^  has  recently  pubhshed  a 
stimulating  account  of  the  possible  functions  of  long  molecules  in  rela¬ 
tion  to  the  properties  of  cells. 

Schmitt  and  Bear^^^  have  shown  from  the  optical  properties  of  the 
myelin  sheath  of  meduUated  nerve  that  the  myelin  consists  of  layers 
of  hpoid  molecules  oriented  radially.  It  is  probable  that  the  lipoid 
molecules  are  arranged  in  concentric  cylindrical  shells,  two  molecules 
thick,  separated  by  layers  of  protein  (Text-fig.  1). 

A  similar  lipoid-protein  structure  is  beheved  to  exist  in  the  rods  and 
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cones  (Schmidti«i),  in  this  case  with  the  sheets  of  molecules  at  right- 
angles  to  the  long  axis  of  the  cells.  This  lipoid-protein  structure  con¬ 
sists  of  a  repetition  of  units,  each  of  which  is  a  bimolecular  hpoid  layer 
stabilized  by  adsorbed  protein.  It  was  this  basic  unit  which  was  sug¬ 
gested  by  Danielli^^  for  the  cell  membrane.  These  types  of  structure 
found  in  myelin  and  the  rods  and  cones  may  thus  arise  directly  from 
the  ceil  membrane. 

A  great  advantage  in  visual  microscopy  of  thin  objects  can  be  ob¬ 
tained  by  use  of  the  phase-contrast  microscopes  developed  by  Zernicke^’® 
and  Burch2o.  The  position  in  this  field  has  recently  been  briefiy  reviewed 
by  Taylor^s®.  This  method  reveals  differences  of  refractive  index  in  the 
object,  which  with  a  suitable  optical  system  can  be  used  to  cause  dif¬ 
ferent  degrees  of  interference  in  the  image,  so  that  sites  of  different 
refractive  index  can  be  made  to  appear  lighter  or  darker  than  the  back¬ 
ground.  The  method  has  been  particularly  useful  in  the  study  of  living 
objects,  with  which  staining  methods  are  of  very  hmited  application. 
The  movements  of  chromosomes  in  meiosis  and  mitosis,  which  pre¬ 
viously  could  be  observed  only  with  difficulty,  are  readily  observed  with 
phase -contrast  methods. 

h.  Electron  Microscopy 

Substantial  progress  has  been  made  in  the  development  of  electron 
microscopic  techniques  for  biological  material.  Unfortunately,  as  water 
absorbs  electrons  very  strongly,  there  are  great  difficulties  besetting  the 
examination  of  living  organisms  with  electron  beams,  so  that  all  studies 
have  been  made  on  dried  specimens.  Specimens  substantially  thicker  than 
0*  1  /X  absorb  electrons  so  strongly  that  they  cannot  be  examined  by 
current  techniques,  so  that  work  has  been  confined,  with  few  excep¬ 
tions,  to  small  cells,  or  to  smears,  squashes,  teased  fragments,  or  special 
tissue  cultures^®^^  Studies  on  sections  have  been  few  as  a  result  of  the 
difficulty  of  obtaining  sections  at  0-1/^  or  less^’. 

Amongst  the  more  striking  results  are  studies  on  flagellae,  especially 
that  of  Harley  Brown^'*  on  structure  in  relation  to  the  mechanism  of 
flagellum  action,  and  those  of  van  Iterson^®^  on  the  structure  of  flagella. 
Very  stimulating  observations  have  been  made  on  viruses;  particularly 
noteworthy  are  those  on  vaccinia  by  Green,  Anderson,  and  SmadeF®, 
which  confirm  the  conclusion  drawn  from  X-ray  studies  that  this  virus 
is  a  complex  body,  and  on  bacteriophage  which  in  some  instances  ap¬ 
pears  to  consist  of  a  spheroidal  ‘head’  and  a  relatively  long  ‘tail’.  The 
significance  of  this  structure  of  phage  is  unknown.  Some  of  the  studies 
on  bacteriophage,  such  as  that  of  Luria  and  Anderson^^s^  indicate  that 
the  ‘head’  of  the  phage  particle  is  not  homogeneous,  and  recent  studies 
by  Wyckoff^‘^2  the  formation  of  phage  in  bacteria  show  that  at  an 
early  stage  in  phage  formation  the  ‘head’  may  apparently  be  hollow. 
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Electron  microscope  studies  on  chloroplasts  reveal  a  considerable 
amount  of  internal  structure  (Algera,  Beyer,  van  Iterson,  Karstens,  and 
Thung2). 

A  few  studies  have  been  made  of  viruses  inside  cells  in  tissue  culture. 
Those  of  Claude,  Porter,  and  Pickles®’  on  material  contaminated  with 
the  Rous  sarcoma  virus  are  particularly  striking.  Particles  of  the  size 
ascribed  to  the  virus  can  readily  be  seen  in  the  cytoplasm  of  fibroblasts, 
sometimes  as  single  particles,  sometimes  as  clumps  of  two  or  more 
particles,  sometimes  arranged  in  a  rod-like  form,  and  sometimes  in  a 
crystal-like  mosaic.  In  some  specimens  the  occurrence  of  doublets  is 
far  more  frequent  than  is  statistically  probable  on  a  purely  random 
distribution — a  fact  which  has  led  to  the  speculation  that  a  doublet 
represents  a  particle  which  has  recently  duplicated  itself.  The  virus  has 
also  been  observed  in  white  cells  from  the  buffy  coat  layer  of  chicken 
blood.  This  observation,  however,  cannot  be  interpreted  as  indicating 
that  the  spindle  cells  of  the  sarcoma  are  derived  from  the  white  cells 
of  the  blood:  it  is  just  as  possible  that  the  white  cells  are  independently 
infected,  or,  indeed,  that  the  particles  seen  have  been  ingested  by  the 
phagocytes  and  are  in  process  of  destruction.  In  these  studies  there  is 
the  further  difficulty  that  it  is  by  no  means  certain  that  the  particles 
seen  in  the  cell  and  found  characteristically  in  the  purified  virus  are  in 
fact  identical  with  the  infective  agent.  Among  the  factors  which  make 
the  identification  dubious  are  (1)  the  occurrence  of  particles  of  a  prac¬ 
tically  identical  size  in  embryo  extract  and  in  extracts  from  tumours 
which  have  not  yet  been  shown  to  give  rise  to  a  filterable  virus,  (2)  the 
minimal  infective  dose  of  the  large  particles  which  will  give  rise  to  a 
tumour  contains  about  2,000  particles,®®  amongst  which  a  few  smaller 
or  modified  particles  would  easily  escape  notice.  Among  the  points  to  be 
considered  is  the  possibility  that  the  large  particles  are  merely  a  charac¬ 
teristic  of  rapidly  growing  chicken  tissue,  and  the  possibility  that  the 
Rous  virus,  if  to  be  identified  with  the  particles  seen  in  infected  cells, 
is  a  mutant  of  the  form  found  in  normal  rapidly  growing  tissue. 

A  third  field  of  great  interest  has  been  the  study  of  natural  protein 
fibres.  Contributions  to  this  have  been  made  by  many  workers,  that 
ot  h.  O.  Schmidt  and  his  colleagues  being  particularly  outstanding. 
The  pomt  of  greatest  interest  has  been  the  discovery  that  many  natural 
bres,  when  treated  in  an  appropriate  way,  can  be  shown  to  be  banded. 

Wolpersi®«),  of  striated  muscle 
T  Jakusi63),  smooth  muscle  fibres  (Ardenne  and 
Tal.  Schmitt’3),  collagen  fibres  (Schmitt,  Hall,  and 

Jakus  ),  trichocyst  sheaths  (Jakusio^),  and  of  material  from  the  axo- 

Schmitti^«).  In  the  case  of  striated 
musck  the  bandings  are  the  same  as  those  observed  in  the  microscope. 
In  the  case  of  the  other  materials  the  bands  are  in  a  sense  new,  although 
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the  spaces  between  the  bands  in  some  cases  correspond  fairly  precisely 
with  spacings  which  had  previously  been  discovered  by  X-ray  tech¬ 
niques.  The  precise  significance  of  these  arrangements  of  bands  is  not 
known.  It  would  be  surprising  if  the  existence  of  a  type  of  structure  in  so 
many  types  of  natural  protein  fibres  were  not  of  great  significance.  One 
possibility  is  that  the  existence  of  the  bands,  giving  rise  to  an  uneven 
distribution  of  molecular  forces  along  the  length  of  the  fibre,  facilitates 
more  precise  adlineation  and  contact  between  the  different  identical 
protein  chains  which  make  up  each  relatively  large  fibre.  This  would 
probably  give  the  fibres  much  more  mechanical  strength  than  would  be 
found  with  a  less  precise  adlineation.  Another  possibility  is  that  the 
bands  define  the  basic  units  which  are  synthesized  in  the  cell  at  one 
time,  and  which  are  later  joined  together  end  to  end  to  constitute  a 
fibre. 

Callan  and  Thomas^^  have  recently  made  a  very  interesting  study  of 
the  structure  of  the  nuclear  membrane  of  amphibian  oocytes.  This  has 
been  shown  to  consist  of  a  thin  film  about  100  A  in  thickness,  appar¬ 
ently  supported  on  a  relatively  coarse  mesh  work. 

We  can  expect  the  use  of  the  electron  microscope  to  yield  a  great  deal 
of  further  information  of  value  to  the  biologist.  It  is  possible  that  the 
value  of  electron  microscopy  will  be  increased  by  further  developments 
which  seem  possible  on  the  technical  side.  Amongst  these  are  included 
the  use  of  high  velocity  electrons,  which  will  permit  of  the  use  of  thicker 
specimens  than  does  the  present  microscope;  the  development  of  a 
polarizing  electron  microscope  would  enable  studies  of  molecular  orien¬ 
tation  to  be  made  in  the  same  way  as  is  possible  with  the  light-polari¬ 
zation  microscope,  but  with  the  advantages  conferred  by  the  greater 
resolving  power  of  the  electron  microscope;  a  proton  microscope,  the 
development  of  which  is  now  being  considered,  may  also  have  advan¬ 
tages.  Then  there  is  the  rather  difficult  problem  of  the  development 
of  electron  lenses  for  studying  the  distribution  of  radioactive  isotopes 
in  tissue  sections,  &c.  Tlie  resolving  power  possible  without  the  use  of 
electron  lenses,  i.e.  by  simple  application  of  the  material  to  the  emulsion 
of  a  photographic  plate,  is  usually  much  too  small  to  be  of  value  on  the 
cytological  level.  An  addition  of  tenfold  to  the  resolving  power  and 
magnification  would  be  of  immense  value.  Unfortunately,  the  electron 
emission  from  isotopes  has  a  wide  band  of  velocities,  so  that  a  correction 
analogous  to  that  for  chromatic  aberration  is  necessary  before  an  elec¬ 
tron  lens  becomes  useful.  This  problem  has  not  yet  been  solved. 

An  interesting  suggestion  for  the  use  of  neutrons  in  the  study  of 
cytochemical  distribution  of  substances  has  been  made  by  J .  E.  Harris^®. 
He  suggests  that  the  material  to  be  studied  should  be  applied  to  the 
emulsion  of  a  photographic  plate  and  then  exposed  to  slow  neutrons. 
Under  these  conditions  some  elements,  of  which  lithium  and  boron  are 
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the  more  notable  for  the  biologist,  are  readily  disintegrated  with  the 
emission  of  particles  which  give  rise  to  easily  recognized  tracks  in  the 
emulsion. 

c.  X-rays 

Use  of  X-rays  has  permitted  progress  in  the  study  of  mutations, 
chromosome  breaks,  the  size  of  genes  and  viruses,  and  the  multiplica¬ 
tion  of  viruses  in  cells.  The  use  of  X-rays  for  the  study  of  globular  and 
fibrous  proteins,  though,  of  course,  hardly  to  be  classed  as  the  study 
of  cells,  has  nevertheless  been  of  much  value  in  enabling  us  to  under¬ 
stand  the  function  of  these  molecules  in  cells ;  in  this  direction  much 
expansion  of  results  can  be  anticipated.  Lea'^’  has  recently  surveyed 
a  large  part  of  the  field  of  the  mode  of  action  of  radiation  on  cells.  He 
has  laid  particular  emphasis  on  the  so-called  target  theory,  according 
to  which  the  action  of  many  forms  of  radiation  is  produced  by  ioni¬ 
zation  consequent  on  the  passage  of  radiation  through  the  region  con¬ 
taining  a  target.  It  is  usually  assumed  as  part  of  the  theory  that  one 
ionization  produced  in  the  target  area  is  sufficient  to  modify  or  destroy 
the  target.  As  typical  of  the  materials  to  which  this  theory  can  be 
applied  are  viruses,  genes,  and  chromosomes.  By  the  use  of  X-rays  it 
is  possible  to  measure  the  volume  of  the  target,  and  by  the  use  of  alpha 
rays  it  is  possible  to  measure  the  average  cross-sectional  area  of  the 
target.  Information  obtained  in  this  manner  about  the  size  of  viruses 
has  been  confirmed  in  many  instances  by  electron  microscope  studies 
and  by  ultra-filtration  of  viruses.  In  some  instances  the  size  of  the 
target  determined  by  these  radiation  techniques  is  smaller  than  the  size 
determined  by  other  techniques.  This  suggests  that  the  virus  is  not 
homogeneous  but  contains  a  volume,  damage  to  which  is  much  more 
important  than  is  damage  elsewhere.  In  the  case  of  the  vaccinia  virus 
such  a  conclusion  was  drawn  from  the  discrepancy  between  the  sizes 
determined  by  radiation  and  other  techniques,  and  an  indication  of  the 
correctness  of  this  conclusion  has  been  given  by  electron  microscope 
studies,  which  show  that  the  virus  is  not  homogeneous  but  contains  a 
region  having  a  different  structure  to  that  of  the  rest  of  the  virus.  By 
both  electron  microscope  and  radiation  techniques  this  region  appears 
to  be  of  the  order  of  one  per  cent,  of  the  total  volume  of  the  virus. 

The  target  theory  has  recently  been  used  with  much  success  in  con¬ 
nexion  with  Sonneborn’sis’  studies  on  cytoplasmic  inheritance  in  Para¬ 
mecium  aurelia.  Sonneborn  showed  that  certain  strains  of  Paramecium 
emit  a  substance  which  kills  other  strains.  This  property  is  exhibited 
^ly  by  those  members  of  the  strains  which  (a)  contain  a  nuclear  gene 
A,  and  also  (6)  contain  a  factor  not  present  in  the  nucleus  but  only  in 
the  cytoplasm,  which  Sonneborn  called  kappa.  The  factor  kappa  can 
reproduce  itself  in  the  cytoplasm  but  only  if  the  gene  K  is  present  in 
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the  nucleus.  Consequently  kappa  was  suspected  to  be  a  cytoplasmic 
gene.  Studies  were  made  of  the  size  of  kappa  with  radiations,  from 
which  it  was  found  that  kappa  is  much  larger  than  the  size  usually 
attributed  to  a  gene  and,  in  fact,  should  be  readily  visible  in  the  cell. 
A  search  was  made  for  particles  of  this  size,  using  the  Feulgen  reagent, 
which  was  successful.  It  now  appears  likely  that  kappa  is  in  fact  a 
Rickettsial  infection  of  Paramecium  which  can  only  prohferate  in  Para¬ 
mecium  containing  the  gene  K,  which  is  not  normally  pathogenic  to  its 
host,  and  which  in  some  way  promotes  the  production  of  a  substance 
which  is  pathogenic  to  Paramecia  not  containing  kappa. 

The  production  of  chromosome  breaks  by  X-rays  has  permitted 
many  studies  of  broken  chromosomes,  chromosome  ’fragments,  and  of 
genes  transferred  to  abnormal  positions  in  chromosomes.  The  size  of 
the  gene  has  also  been  shown  to  be  of  the  order  of  20-60  A  (using  the 
target  theory).  This  average  value  is  in  reasonable  agreement  with  the 
size  of  genes  determined  by  other  methods.  It  should  be  noted  that 
the  size  of  the  gene  appears  to  be  of  the  same  order  of  magnitude  as 
that  of  a  small  virus. 

Although  the  production  of  mutations  by  X-rays  has  been  used  for 
a  number  of  years,  it  is  only  comparatively  recently  that  the  method 
of  using  mutations  induced  in  single  genes  by  radiations  has  been  used 
to  analyse  the  biochemical  detail  of  the  action  of  genes.  Of  recent  years 
extensive  studies  have  been  instituted  of  the  biochemical  effects  of  the 
mutation  of  single  genes,  using  yeasts,  moulds,  and  bacteria^®®.  A  com¬ 
monly  observed  phenomenon  is  that  the  simpler  forms  of  injury  can  be 
compensated  for  by  adding  to  the  medium  upon  which  the  organism  is 
growing  a  single  chemical  substance,  the  nature  of  which  depends  upon 
the  gene  injured.  It  has  therefore  been  concluded  that  each  gene  con¬ 
trols  the  production  of  a  single  substance,  which  is  necessary  for  the 
growth  of  the  cell.  This  view,  however,  has  probably  been  somewhat 
exaggerated.  It  is  well  known  that  practically  all  biologically  important 
molecules  can  be  produced  by  unicellular  organisms.  It  thus  seems 
extremely  difficult  to  attribute  much  of  the  enormously  complicated 
process  of  the  evolution  of  organic  form  in  animals  and  plants  to  these 
simple  chemical  factors.  For  instance,  it  is  very  difficult  to  see  how 
any  simple  chemical  substance  could  be  responsible  for  an  animal  hav¬ 
ing  six  toes  instead  of  the  normal  five.  It  is  therefore  to  be  anticipated 
that  the  genetic  structure  of  the  higher  organisms  must  include  genes 

which  have  a  specific  effect  upon  form. 

Very  important  results  have  been  obtained  by  irradiating  bacterio¬ 
phage-infected  bacteria.  Latargetii^  found  that  when  Escherichia  coli 
infected  with  one  bacteriophage  Tg  particle  per  cell  are  irradiate 
during  the  21 -minute  period  which  ensues  between  infection  and  lysis, 
the  following  facts  are  disclosed:  (1)  for  the  first  seven  minutes  no 
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multiplication  of  phage  occurs,  and  the  phage  particle  remains  unaltered ; 
between  the  7th  and  9th  minutes  the  phage  becomes  much  more  resistant 
to  radiation;  at  the  9th  minute  multiphcation  commences  rapidly, 
resulting  in  a  total  of  up  to  250  phage  particles  per  cell  by  the  13th 
minute,  when  multiplication  ceases;  between  the  13th  and  21st  minutes 
the  resistance  to  radiation  reverts  to  normal.  Luria^^’,  using  ultraviolet 
hght,  has  shown  that  whilst  phage  can  be  damaged  in  a  number  of 
different  genetically  active  sites,  each  of  which  is  necessary  for  reproduc¬ 
tion  of  phage,  yet  if  a  bacterium  is  infected  with,  say,  two  phage  particles 
damaged  in  dijferent  sites,  reproduction  will  occur.  Since  the  phage 
particles  are  unable  to  reproduce  individually,  some  curious  process  of 
dissociation  of  the  bacteriophage  must  occur,  permitting  independent 
reproduction  of  each  genetically  active  centre,  with  subsequent  recom¬ 
bination  of  the  centres. 

d.  Radiations  from  Isotopes 

Isotopes  have  so  far  found  three  important  applications  in  the  study 
of  cells.  These  are:  {a)  the  cytochemical  locahzation  of  certain  sub¬ 
stances,  (6)  metabolic  studies,  and  (c)  permeability  studies.  In  the  first 
field  the  utihty  of  the  technique,  as  has  been  pointed  out  above,  is 
greatly  restricted  by  the  poor  resolving  power  which  is  at  present  pos¬ 
sible,  and  the  results  obtained,  using  substances  such  as  radioactive 
iodine  and  phosphorus,  have  been  more  impressive  on  the  histological 
level  than  on  the  cytological  level. 

In  the  field  of  cell  permeabihty  a  number  of  very  important  points 
have  been  settled.  For  example,  it  has  been  shown  by  Krogh^^^  that 
both  sodium  and  potassium  permeate  relatively  readily  both  into  and 
out  of  cells.  In  some  instances,  such  as  that  of  muscle  cells,  potassium 
permeates  a  good  deal  faster  than  does  sodium.  In  other  instances  the 
rates  are  more  nearly  equal.  There  is  an  enormous  field  to  be  covered 
which  has  as  yet  been  hardly  touched.  As  an  indication  of  the  somewhat 
surprising  results  which  can  be  obtained  may  be  mentioned  Cohen’s 
work38  on  the  uptake  of  phosphorus  by  cells  in  which  bacteriophage  is 
reproducing.  It  would  have  seemed  probable  that  some  of  the  intra¬ 
cellular  phosphorus  would  be  incorporated  in  the  bacteriophage,  but,  in 
fact,  the  phosphorus  found  in  the  phage  is  all  derived  from  the  medium 
subfsequent  to  entry  of  the  phage  into  the  cell. 

Of  the  numerous  metabolic  studies  w'hicli  have  been  made  only  a  few 
can  be  mentioned.  By  the  use  of  radioactive  iron  it  has  been  shown 
that  the  life  of  the  mammalian  red  cell  is  of  the  order  of  100  days, 
ihis  figure  is  in  agreement  with  those  obtained  recently  by  other  tech- 
niques.  Studies  with  carbon,  nitrogen,  and  phosphorus,  using  heavy 
and  light  isotopes  as  well  as  radioactive  isotopes,  have  revealed  that 
all  the  major  components  of  the  body  are  in  a  state  of  surprisingly  rapid 
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flux,  being  continuously  broken  down  and  built  up^®^.  The  rates  at 
which  these  processes  occur  vary  somewhat  according  to  the  type  of 
compound  which  is  studied.  For  example,  the  phosphorus  of  pentose 
nucleic  acid  changes  over  more  frequently  than  does  the  phosphorus  of 
desoxypentose  nucleic  acid.  But  even  in  the  case  of  the  more  slowly 
changing  components  of  cells,  a  50  per  cent,  turnover  occurs  in  the 
matter  of  a  few  weeks.  This  reveals  that  the  whole  structure  of  a  cell 
must  be  regarded  as  in  a  state  of  flux.  No  matter  how  fixed  the  ap¬ 
pearance  of  a  cell  may  be  on  the  microscopical  level,  we  now  know  that 
in  point  of  fact  every  particle  is  participating  in  a  dynamic  equihbrium. 

e.  Mitogenetic  Radiations 

Gurwitsch  (1932'^2j  ^300  Review,  1935®)  claims  that  some  tissues  emit  a 
special  radiation  which  induces  mitosis  in  other  tissues.  It  was  claimed 
that  these  radiations  were  in  the  ultraviolet  around  220  mp,,  and  the 
school  of  Gurwitsch  has  since  claimed  that  mitogenetic  radiation  is 
closely  associated  with  many  other  forms  of  cellular  activity.  The 
majority  of  workers  in  this  field  have  been  unable  to  substantiate 
Gurwitsch’s  claims. 

/.  Spectroscopy 

Use  of  the  spectroscope  is  limited,  but  where  a  process  involves  change 
in  the  absorption  spectrum  of  a  cell  it  may  be  an  extremely  useful  instru¬ 
ment.  Important  instances  of  its  use  are  the  work  of  Keihn,  Millikan, 
and  Caspersson.  The  work  of  Caspersson  has  been  referred  to  earher. 
Keilin’s  work  has  included  studies  of  the  intra-cellular  oxidation  and 
reduction  of  the  cytochrome  enzyme  system^^®,  and  of  measurements 
of  the  permeation  of  substances  into  red  cells,  recorded  by  changes  in 
the  absorption  spectrum  of  haemoglobin.  Interesting  studies  have  also 
been  made  on  the  absorption  of  dyes  by  plant  cells  (Irwin^®®).  Milhkan 
has  studied  the  intra-cellular  oxidation  and  reduction  of  muscle 
haemoglobin^®®. 

At  present  studies  in  the  infra-red  have  not  been  of  any  grfeat  signi¬ 
ficance.  But  if  a  technique  can  be  developed  for  the  spectroscopic 
examination  of  the  infra-red  absorption  spectrum  of  different  parts  of 
cells  many  important  results  would  probably  emerge.  It  is  possible  that 
such  a  technique  may  be  evolved  using  the  reflecting  microscope. 

g.  Microfilms 

Films  of  a  number  of  processes  such  as  the  fertilization  of  eggs  have 
been  available  for  many  years.  But  it  is  only  comparatively  recently 
that  full  use  of  the  possibilities  of  these  techniques  has  appeared. 
Recent  studies  have  included  observations  on  dividing  cells  with  the 

polarizing  and  phase-contrast  microscopes,  and  on  thefeeding  mechanisms 

of  cfiiates.  By  slowing  these  films  down,  using  selected  stills,  and  making 
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measurements  on  successive  stills,  it  is  possible  to  analyse  in  great  detail 
many  of  the  processes  involved  in  such  a  phenomenon  as  cell  division. 
It  is  to  be  anticipated  that  studies  of  this  sort  will  enable  us  to  submit 
theories  of  cell  division  to  quantitative  tests.  Advances  in  many  other 
fields  may  be  anticipated  of  importance  equal  to  these  studies  in  cell 
division. 

iii.  Mechanical  Investigations 
a.  Centrifugal  Force 

The  Cell  Membrane.  The  use  of  centrifugal  force  in  the  study  of  the 
cell  membrane  i,s  discussed  in  Chapter  III. 

The  Viscosity  of  Protoplasm.  The  viscosity  of  a  fluid  may  be  deter¬ 
mined  by  studying  displacement  of  a  particle  due  to  Brownian  motion, 
or  from  the  rate  of  movement  of  a  particle  in  a  centrifugal,  gravita¬ 
tional,  electrical,  or  magnetic  field.  Of  these  possible  methods,  centri¬ 
fugal  force  and  Brownian  motion  have  proved  the  most  satisfactory. 
Table  I  shows  values  for  the  viscosity  of  the  cytoplasm  of  a  number  of 
different  cells.  Usually  the  values  obtained  are  not  greater  than  ten 


Table  I.  The  Viscosity  of  cytoplasm  {in  centipoises) 


Viscosity  of  water  =  1  centipoise 
Viscosity  of  olive  oil  =100  centipoises 


Species 

From  Brownian 

movement 

From  centri¬ 
fugation 

Author 

Spiiogrya  . 

2-47 

Baas -Becking,  Bakhuyzen 
and  Hotelling,  1928® 

Arbacia  egg 

4 

2 

Heilbrunn,  1928*®,  1926** 

Amoeba 

6 

2 

Peckarek,  1933^®®,  Heil¬ 
brunn,  1929®® 

Sabellaria  egg 

20 

Harris,  1935"® 

times  that  of  water,  though  in  exceptional  cases  values  as  high  as  8,000 
have  been  obtained  (Fetter®®,  for  Paramecium).  Where  an  apparently 
very  high  viscosity  is  obtained,  it  is  probable  that  intracellular  stream- 
or  intracellular  structures,  are  interfering  with  the  free  movement 
of  the  particle  under  observation.  The  low  value  obtained  for  the  cyto¬ 
plasmic  viscosity  of  most  cells  strongly  suggests  that  the  cytoplasm  does 
not  have  a  rigid  invisible  structure.  Gray®®  found  that  the  nucleoli  of 
the  large  nucleus  of  Asterias  or  Echinus  oocytes  move  freely  through 
the  nucleus  under  gravitational  force,  always  coming  to  rest  on  the 
‘floor’  of  the  nucleus.  From  the  rate  of  fall  it  was  calculated  that  the 
viscosity  of  the  nucleus  was  10  times  that  of  water.*  It  follows,  there¬ 
fore,  that  in  this  case  also  there  can  be  little  in  the  way  of  a  rigid, 

*  Heilbrunn«®,  corrected  by  Hams’^  Several  assumptions,  including  the 
difference  between  the  densities  of  nucleus  and  nucleolus,  are  made. 
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permanent  structure  extending  throughout  the  nucleus.  Harris’®  also 
studied  the  fall  of  the  nucleolus  of  the  Echinus  oocyte  under  gravity. 
He  concluded  that  the  nucleus  is  a  homogeneous  thixotropic  fluid  of 
viscosity,  calculated  from  Brownian  movement,  ca.  10  times  that  of 
water.  In  addition,  it  was  found  that  there  is  a  force  acting  on  the 
nucleolus,  possibly  electrical,  which  is  constant  in  magnitude  and  direc¬ 
tion  for  a  given  oocyte.  This  force  produces  secondary  movement  of  the 
nucleolus  in  a  direction  independent  of  the  orientation  of  the  oocyte. 
The  force  is  abolished  by  M/500  KCN. 

On  the  other  hand,  using  the  centrifuge  microscope,  Harvey  and 
Marsland®®  have  shown  that  whereas  most  of  the  particles  observed 
move  at  a  uniform  rate  in  a  centrifugal  field,  others  show  intermittent 
jerky  motion,  and  it  was  concluded  that  the  cell  is  in  a  state  of  incipient 
gelation,  and  that  rapidly  reversible  sol  ^  gel  changes  are  occurring  in 
local  regions  of  the  cytoplasm.  There  is  usually  a  semi -permanently 
gelled  region  close  to  the  plasma  membrane  (the  cortex,  or  ectoplasm). 

Studies  of  the  change  in  cytoplasmic  viscosity  during  cell  division 
have  been  made,  particularly  by  Heilbrunn®’  in  1921.  There  is  a  rise 
in  viscosity  associated  with  the  development  of  the  sperm  aster,  fol¬ 
lowed  by  a  fall,  then  by  a  second  rise  associated  with  development  of 
the  amphiaster.  These  results  have  been  confirmed,  quahtatively,  by 
estimates  of  viscosity  made  by  Chambers^^  using  the  micro -dissection 
technique.  In  death  most  cells  set  into  a  gel,  and,  as  Harvey  has  re¬ 
marked,  the  action  of  stimuli  of  various  kinds  is  to  cause  an  increase 
in  viscosity,  culminating  in  irreversible  gelation  if  the  stimulus  is  suffi¬ 
ciently  strong. 

Centrifugal  force  has  been  used  with  much  success  in  the  study  of 
the  degree  of  differentiation  of  the  cytoplasm  of  egg  cells.  By  centri¬ 
fuging  regions  of  the  cytoplasm  into  abnormal  positions,  and  by  use 
of  micro -dissection  techniques,  it  has  been  shown  that  ova  before  ferti¬ 
lization  can  be  separated  into  two  classes.  In  one  class  of  eggs  the 
cytoplasm  appears  to  be  differentiated  so  that  some  regions  are  destined 
to  give  rise  to  definite  parts  of  the  embryo.  With  these  eggs  marked 
abnormahties  in  development  occur  when  cytoplasmic  components  are 
placed  in  the  wrong  positions.  With  other  eggs  displacement  of  the 
visible  bodies  in  the  cell  and  of  granules,  &c.,  does  not  affect  the  polarity 
of  the  egg,  the  cleavage  pattern  or  organ  formation.  Much  of  this  work 
was  done  in  the  early  part  of  the  present  century  by  Boveri^’,  Lyoni29^ 
F.  R.  Lillie^i®,  Morgan^^^^  and  Conkhn^^^  Most  of  the  studies  so  far 
mentioned  were  made  with  rather  low  centrifugal  forces.  It  is  not  yet 
clear  whether  very  high  centrifugal  forces,  capable  of  causing  sedimenta¬ 
tion  of  the  dissolved  proteins  of  the  cytoplasm,  will  have  contrary  re¬ 
sults.  In  one  instance  a  negative  result  was  obtained.  Beams  and  King 
centrifuged  Ascaris  eggs  for  four  days  at  1 50,000  X  gravity  and  found 
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that  they  would  still  develop  normally  when  fertilized.  Costello^®  has 
found  that  if  Arbacia  eggs  are  centrifuged  before  fertilization  until  they 
finally  divide  into  two  halves,  one  ‘light’,  the  other  ‘heavy’,  practically 
no  fertilization  membrane  appears  on  the  ‘light’  half  and  a  very  marked 
membrane  is  found  on  the  ‘heavy’  half.  Evidently  centrifugal  force  can 
shift  a  substance  or  substances  connected  with  the  elevation  of  this 
membrane. 

The  technique  of  centrifuging  eggs  into  halves  (and  then  into  quarters) 
has  been  developed  very  largely  by  E.  N.  Harvey®^.  When  centrifuged, 
stratification  occurs,  oil  droplets  moving  to  the  centripetal  end  of  the 
cell,  and  heavy  granules,  &c.,  to  the  centrifugal  end.  The  tendency  of 
these  strata  to  move  in  opposite  directions  elongates  the  cell,  which 
spontaneously  divides  into  two  when  its  length  is  tt  times  its  diameter. 
This  is  a  particularly  useful  technique.  Studies  have  been  made  of  the 
respiration  of  light  and  heavy  halves  (Shapiro^®®)  and  of  the  distribution 
of  enzymes  between  light  and  heavy  halves  (Holter^®®).  Among  the 
most  important  discoveries  made  by  this  technique  is  the  observation 
of  parthenogenetic  merogeny  in  Arbacia  egg  halves  by  E.  B.  Harvey®®. 
Halves  without  nuclei,  when  subjected  to  parthenogenetic  reagents, 
cleave  in  a  relatively  normal  manner  and  wdll  continue  to  do  so  up  to 
the  stage  of  a  blastula  of  some  500  cells.  That  nuclei  may  divide  and 
mitosis  occur  without  cell  division  has  been  known  for  many  years. 
Mrs.  Harvey’s  observation  shows  that  cell  division  may  occur  indepen¬ 
dently  of  nuclei  and  that  therefore  the  minimum  requirements  for 
cleavage  are  contained  by  enucleated  cytoplasm. 


6.  Micro-dissection  and  Micro-injection 

Micro -dissection  and  micro -injection  operations,  carried  out  on  single 
cells,  have  provided  a  wealth  of  valuable  information.  The  two  chief 
difficulties  encountered  (apart  from  the  development  of  the  necessary 
manual  skill)  are  that  (1)  operations  on  cells  instantly  make  them  ab¬ 
normal,  and  (2)  conclusions  reached  are  of  necessity  relatively  subjective 
in  many  cases.  The  first  difficulty  is  the  more  serious:  when  an  organ 
is  removed  from  such  an  animal  as  a  dog,  we  have  very  many  ways  of 
estimating  the  degree  of  abnormality  introduced.  When  a  single  cell  is 
operated  upon  we  have  as  yet  only  rather  crude  criteria  of  abnormality  • 
If  cytolysis  occurs,  or  gelation,  or  permeability  to  dyes  is  abnormal,  if 
pigment  granules  and  other  cytoplasmic  inclusions  look  abnormal,  or  if 
m  the  development  of  an  egg  abnormalities  occur,  we  know  serious 
damage  has  been  done.  Beyond  this  it  is  hardly  possible  to  go.  Thus 
If  mammalian  physiology  were  exposed  to  the  same  restrictions  as  cell 
physiology,  we  should  have  to  judge  the  results  of  an  operation  by 

•f  ^  •  ^4.  apathetic  or  normal  in  movement,  whether 

It  passed  into  rigor  or  tetanus,  whether  the  disposition  of  vital  stains 


H 


98  PHYSICAL  AND  PHYSIOCHEMICAL  STUDIES  OF  CELLS 

was  abnormal,  whether  its  hair  fell  out,  and  whether  its  puppies  showed 
gross  anatomical  abnormahties. 

The  major  contributions  to  technique  have  been  made  by  Chambers, 
Peterfi,  and  de  Fonbrune.  A  fairly  detailed  description  of  results  ob¬ 
tained  up  to  1924  is  given  by  Chambers^^. 

Many  cells  are  surrounded  by  a  tough  elastic  peUicle  (such  as  the 
vitelline  membrane  of  egg  cells);  this  may  be  dissected  away  from  the 
cell.  For  example,  a  slit  may  be  cut  in  the  pellicle  of  an  Arbacia  egg, 
through  which  the  egg  may  be  expressed  without  apparent  damage  to 
the  plasma  membrane.  The  surface  of  such  a  naked  ceU  is  readily  wetted 
by  oils  (Chambers  and  Kopac®^)  and  appears  to  be  liquid.  It  can  be  torn 
by  a  sharp  movement  of  a  dissection  needle,  in  which  case  the  cyto¬ 
plasm  usually  pours  out  and  mixes  with  the  surrounding  fluid;  sub¬ 
stances  normally  unable  to  enter  a  cell  do  so  readily  through  such  a  tear. 
But  a  needle  moved  carefully  passes  into  the  interior  of  the  cell  without 
breaking  the  membrane.  The  membranes  of  most  cells  are  relatively 
tough  and  have  marked  elasticity:  an  erythrocyte  may  be  stretched 
between  two  needles  to  a  length  several  times  its  normal  diameter  and 
will  recover  its  original  shape  on  release. 

The  interior  of  the  cytoplasm  is  usually  fluid  and  of  low  viscosity, 
except  for  a  cortical  layer  (the  ectoplasm)  which  is  jelly -hke  in  con¬ 
sistency  and  usually  contains  few  inclusions.  There  is  some  evidence 
that  this  layer  is  intimately  concerned  in  cell  cleavage:  a  fragment  cut 
from  an  Asterias  egg  will  develop  on  fertilization  in  a  relatively  normal 
manner  if  a  sufficient  fraction  of  the  cortex  is  included  in  the  fragment. 
If  there  is  httle  or  no  cortical  material  the  fragment  will  not  cleave  even 
if  it  contains  the  egg  nucleus.  Pseudopodia  of  amoebae,  when  pinched 
off  from  the  main  body  of  the  amoeba  by  a  needle,  retain  the  abflity 
to  move  and  to  ingest  and  digest  particles  for  a  considerable  time.  If 
a  small  volume  of  water  or  salt  solution  is  injected  into  an  amoeba  it 
usually  appears  to  mix  readily  with  the  cytoplasm  and  the  excess  water 
is  eventually  expelled  through  the  cell  membrane.  Otherwise  local 
liquefaction  of  the  cytoplasm  may  occur  and  the  hquefied  area  fre¬ 
quently  rounds  up  and  then  resembles  a  vacuole.  If  a  large  amount  of 
water  is  injected  the  amoeba  may  be  killed.  If  it  eventually  recovers, 
a  large  part  of  the  injected  fluid  may  be  pinched  off  in  a  blister.  Basic 
dyes  injected  cause  local  coagulation  of  the  cytoplasm,  the  coagulum 
eventually  becoming  dispersed  through  the  more  fluid  cytoplasm  as 
coloured  granules.  Acid  dyes  frequently  cause  hquefaction  of  the  cyto¬ 
plasm  and  the  hquefled  area  may  be  pinched  off. 

The  mitochondria  of  marine  eggs  appear,  when  in  the  filamentous 
form,  to  be  relatively  solid,  sticky,  elastic  bodies.  The  pH  of  the  fluid 
cytoplasm  of  most  cells  is  about  7,  as  given  by  injected  acidic  indicators 
(which  are  likely  to  be  more  reliable  than  basic  indicators)  and  the 
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nucleus,  where  its  pH  can  be  measured,  is  usually  0-5-0-6  units  more 
alkaline.*  Similar  results  have  been  obtained  with  vital  stains.  Studies 
on  oxidation-reduction  potentials  were  first  made  by  Needham  and 
Needham^^^,  and  have  been  extended  by  Chambers  and  his  colleagues. 

The  nucleus  shows  quite  different  properties  according  to  w’hether 
it  is  in  the  mitotic  or  intermitotic  condition.  The  resting  nucleus  appears 
in  most  cases  to  be  liquid.  Tearing  the  nuclear  membrane  causes  dis¬ 
integration  of  the  nucleoli  followed  by  liquefaction  of  the  cytoplasm 
and  often  by  cytolysis.  The  liquefaction  of  the  cytoplasm  spreads  from 
the  nucleus  outwards.  When  transposed  from  the  interior  to  the  ex¬ 
terior  of  a  cell  through  a  tear  in  the  plasma  membrane  the  nucleus  may 
swell  to  bursting  or  set  to  a  rubbery  gel. 

According  to  Chambers,  the  active  nucleus  varies  in  its  behaviour 
according  to  the  stage  of  development  attained.  When  the  very  early 
prophase  nucleus  of  grasshopper  spermatocytes  is  injured,  filaments 
appear  in  the  nucleus  composed  of  granules  adhering  to  an  elastic  hya¬ 
line  thread.  These  shorten  and  thicken,  with  apparent  fusion  of  the 
granules,  into  rods  reminiscent  of  chromosomes.  One  of  the  nucleoli 
also  gives  rise  to  a  similar  body.  If  injured  at  a  slightly  later  stage, 
typical  prophase  chromosomes  appear  rapidly,  and  if  prophase  chromo¬ 
somes  are  already  visible  inside  the  nucleus,  pricking  the  membrane 
causes  an  increase  in  definition  and  transition  to  metaphase  chromo¬ 
somes.  Individual  chromosomes  may  be  pulled  away  from  the  spindle 
during  mitosis.  Such  detached  chromosomes  are  elastic  bodies  with  a 
cortex  apparently  different  from  the  hyaline  central  core. 

The  spindle  varies  in  viscosity  and  gel-like  properties,  both  with  time 
and  with  species.  It  may  be  a  stiff  gel,  or  relatively  fluid.  The  amphi- 
aster  may  have  sufficient  rigidity  to  distort  the  shape  of  the  cell  (Gray®’). 
The  sperm  aster  of  starfish  and  sea-urchin  eggs  is  gelled,  but  the  centro- 
sphere  (in  the  centre  of  the  aster)  is  fluid:  the  gel  is  most  rigid  close  to 
the  centrosphere  and  becomes  weaker  farther  away  from  the  centro- 
sphere  (Chambers).  Stirring  the  interior  of  the  cell  may  cause  the 
amphiaster  to  disappear,  but  it  will  reappear  on  cessation  of  stirring  if 
the  agitation  is  not  excessive.  In  nuclear  division  the  two  asters  are 
hrmly  united  by  the  spindle  until  elongation  and  division  of  the  spindle 
occurs,  after  which  the  asters  are  readily  moved  independently. 

shows  up  two  main  features  of  cell  structure- 
(1)  the  role  of  the  membranes,  (2)  the  texture  of  the  cell  constituents 

physilbgy."’°’'"‘ 

It  will  have  been  observed  that  the  parts  of  the  protoplasm  concerned 
erro/LtgTffetmtlhe  f  ”1“”“  ““  ^ 

different  ^nd  nucleus  contailr  quite 
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ill  inovGiiiBnt  are  capable  of  gelation  and  are  elastic.  We  have  previously 
noticed  that  the  same  structures  are  also  optically  anisotropic.  We  shall 
later  discuss  the  significance  of  these  properties. 

Some  very  stimulating  results  have  been  obtained  by  Commandon 
and  de  Fonbrune^^  with  enucleated  amoebae.  If  a  nucleus  from  another 
amoeba  is  pushed  into  the  enucleated  amoeba  at  any  time  up  to  48  hours 
after  enucleation,  the  enucleated  amoeba  will  recover  completely  and 
will  proceed  to  divide  and  otherwise  behave  normally.  It  is  necessary, 
however,  that  the  nucleus  which  is  being  moved  from  one  amoeba  to 
another  shall  not  come  into  contact  with  the  environmental  fluid.  If  it 
does  come  into  contact  with  the  environmental  fluid,  it  is  rejected  by 
any  amoeba  into  which  it  is  inserted. 

An  important  recent  development  is  the  use  of  the  Cartesian  Diver 
for  micro -metabolism  experiments  (Linderstrom-Langi^S;  Linderstrom- 
Lang  and  Glick^^^).  By  this  means  the  study  of  single  cells  or  of  groups 
of  small  cells  removed  from,  for  example,  an  invaginating  blastula  by 
micro -dissection,  is  much  facilitated.  Needham  and  his  colleaguesi^® 
have  made  an  extensive  study  of  metabolism  in  relation  to  morpho¬ 
genesis  using  this  technique. 

c.  Pressure 

Reducing  the  pressure  on  an  organism  below  atmospheric  pressure 
has  little  effect  until  asphyxiation  commences.  Increasing  the  pressure 
above  a  limit  critical  for  a  given  organism  at  a  given  time  has  the  effect 
of  liquefying  the  plasma  gel,  and  so  causes  most  profound  changes  in 
the  behaviour  of  cells.  The  physico-chemical  basis  of  this  liquefaction 
is  not  clear  and  we  shall  therefore  not  discuss  it.  The  elucidation  of  the 
mechanism  of  such  liquefactions  is  of  outstanding  importance.* 

4’he  general  result  of  liquefaction  of  cytoplasmic  gels  is  the  interrup¬ 
tion  or  suppression  of  all  forms  of  behaviour  involving  active  proto¬ 
plasmic  movement,  and  sufficiently  high  pressures  may  cause  death, 
possibly  due  to  denaturation  of  proteins,  or  to  the  disintegration  of 
essential  organized  systems.  The  lower  pressures  sometimes  cause  en¬ 
hancement  of  activity. 

Grundfest  and  CattelF^  found  that  with  single  nerve  fibres  pressures 
between  300  and  500  atmospheres  increased  the  height  of  the  action  poten¬ 
tial  by  10  per  cent,  and  the  duration  by  20  per  cent.  As  the  pres¬ 
sure  is  raised  towards  1,000  atmospheres  the  potential  falls  off,  the 
rate  of  conduction  slows,  and  finally  the  response  disappears.  All  the 
changes  are  reversible. 

*  It  i.s  possible  that  licjuefactioii  is  due  to  iiicmised  hydration  of  protein  mole¬ 
cules;  but  as  (’attell”^  remarks,  ‘It.  would  be  difficult  to  eliminate  comjiletely  the 
possibility  that  the  changes  in  \'iseosity  are  secoiulary  to  changes  resulting  from 
stimulation  or  chemical  reactions.’ 
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With  muscle  (see  Review,  CattelP^)  the  sudden  application  of  300- 
400  atmospheres  to  a  resting  muscle  causes  a  small  contracture.  There 
are  three  apparently  distinct  effects  on  the  behaviour  of  electrically 
stimulated  muscle:  (1)  relatively  low  pressures  cause  the  liberation  of 
more  energy,  shown  by  an  increase  in  the  initial  heat  production  and 
an  increment  in  the  tension  of  twitch;  (2)  at  higher  pressures  the  re¬ 
sponse  is  both  slower  and  weakened,  suggesting  a  decrease  in  elasticity 
and  possibly  an  increase  in  viscosity  also;  (3)  finally,  at  a  sufficiently 
high  pressure  (c.  1,000  atmospheres),  contraction  is  abolished.  If  in 
phase  (2)  the  pressure  is  suddenly  released  during  the  development  of 
a  twitch,  the  twitch  is  augmented  above  the  value  which  would  have 
been  obtained  if  the  whole  operation  had  been  carried  out  at  atmo¬ 
spheric  pressure:  this  suggests  that  the  increase  in  mobilization  of  energy 
found  at  the  lower  pressures  persists  at  least  during  the  second  phase. 
The  mobilization  of  this  energy  is  complete  in  the  first  eighth  of  the 
contraction  process  (Brown^*). 

When  frog  chromatophores  under  contraction  due  to  adrenaline  are 
subjected  to  pressure,  the  chromatophore  relaxes  to  a  degree  which  is 
roughly  proportional  to  the  pressure  which  is  applied. 

Marsland  and  Brown^^^  found  that  400-600  atmospheres  was  sufficient 
to  cause  liquefaction  of  the  plasma  gel  of  Amoeba  proteus  and  Amoeba 
dubia  with  consequent  retraction  of  pseudopodia  and  rounding  up  into 
a  roughly  spherical  shape.  Kitching  and  Pease^^,  however,  found  that 
the  very  long  tentacles  of  the  suctorian  protozoan  Ephelota  coronata 
may  resist  800  atmospheres  without  hquefaction.  As  mentioned  pre¬ 
viously,  structures  with  liquid  surfaces  and  no  rigidity  spontaneously 
divide  when  their  length  exceeds  n  times  their  diameter:  thus  the  ten¬ 
tacles  of  Ephelota  would  break  into  a  number  of  small  droplets  if  liquid, 
and  are  only  prevented  from  doing  so  by  the  rigidity  of  the  plasma  gel. 
When  the  plasma  gel  liquefies  under  high  pressure  this  rigidity  is  re¬ 
moved  and  the  tentacle  begins  to  retract,  but  then  divides  spontaneously 
into  minute  spherical  droplets.  According  to  Marsland  and  Brown^^s^ 
pressures  up  to  160  atmospheres  cause  a  decrease  in  thickness  and  an 
increase  in  length  of  pseudopodia,  and  the  sudden  application  of  250 
atmospheres  will  cause  an  abrupt  cessation  of  pseudopodial  activity, 
but  not  retraction.  From  the  ease  with  which  internal  granules  may  be 
centrifuged  down  it  was  inferred  that  there  is  a  continuous  decrease  in 
protoplasmic  viscosity  with  increase  in  i)ressure.  As  IMarsland  and 
Brown  indicate,  such  movements  of  granules  are  not  necessarily  accurate 
indications  of  relative  protoplasmic  viscosity,  since  there  are  many 
complicating  factors  present. 

Sufficient  pressure  causes  retraction  of  the  cleavage  furrow  in  develop¬ 
ing  eggs.  With  two  species  of  Arbacia  Marslandi^^  furrow 

will  form  at  pressures  greater  than  350  atmospheres,  and  that  previously 
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formed  furrows  recede  at  this  pressure.  At  lower  pressures  the  rate  of 
impingement  of  the  cleavage  furrow  on  the  division  axis  is  reduced. 
On  the  other  hand,  a  pressure  of  more  than  800  atmospheres  is  required 
to  block  cleavage  of  the  eggs  of  Ascaris. 

Protoplasmic  streaming  velocity  and  viscosity  are  reduced  simulta¬ 
neously  by  pressure.  With  Elodea  canadensis  streaming  is  abolished  at 
400-500  atmospheres. 

Marsland  has  found  that  for  each  increment  of  68  atmospheres  in 
pressure  a  number  of  cell  characteristics  are  diminished  to  0-76  of  their 
former  value.  This  is  true  of  the  viscosity  of  eggs  of  two  species  of 
Arbacia,  of  two  species  of  amoeba  and  of  the  leaf  cells  of  Elodea,  and 
also  the  rate  of  impingement  of  the  cleavage  furrow  on  the  division  axis 
of  the  two  species  of  Arbacia  and  of  the  velocity  of  protoplasmic  stream¬ 
ing  in  Elodea. 

From  these  studies  relatively  detailed  hypotheses  have  arisen  con¬ 
cerning  the  role  of  reversible  gelation  processes  in  cell  division,  proto¬ 
plasmic  streaming,  and  amoeboid  movement. 

Clearly  there  must  be  considerable  comphcation  in  the  mechanisms 
underlying  these  changes  produced  by  pressure.  It  is  just  possible,  how¬ 
ever,  that  the  factor  underlying  inhibition  of  movement  is  in  all  cases 
the  same — increasing  hydration  of  the  protein  molecules  involved. 
There  is  some  evidence  in  the  literature  that  contraction,  both  of  striped 
and  of  plain  muscle,  and  the  cleavage  of  cells,  is  associated  with  a 
decrease  in  solubility  of  long  protein  molecules  (Mirsky^^®’^^®’^^^;  Bate- 
Smith"^;  DaniellP^).  According  to  Mirsky  (1938),  this  change  may 
also  be  produced  in  vitro  by  dehydration.  We  must  therefore  consider 
the  possibihty  that  one  of  the  primary  actions  of  high  pressure  is  to 
prevent  this  dehydration  and  thus  prevent  movement.  If  this  general 
line  of  argument  is  correct,  it  follows  that  proteins  of  animals  living 
in  the  ocean  depths  must  be  adapted  to  considerable  pressures,  and 
thus  differ  in  some  way  from  the  proteins  of  animals  adapted  to  low 
pressures. 

These  studies  of  the  effect  of  pressure  place  a  most  important  instru¬ 
ment  in  the  hands  of  biologists.  It  will  be  of  great  interest  to  see,  for 
example,  whether  cultured  kidney  tubules  retain  their  secretory  power 
under  high  pressure,  and  to  see  whether  stomach  tissue  secretes  HCl 
under  high  pressure;  light  may  be  thrown  on  other  problems,  such  as 
the  secretion  of  saliva  by  the  salivary  glands  and  the  nature  of  the  forces 
involved  in  the  invagination  of  the  blastula. 

d.  The  Measurement  of  Volume  Changes 

The  study  of  volume  changes  has  been  useful  mainly  for  permeabihty 
studies,  though  in  other  fields  this  method  is  sometimes  a  useful  adjunct 
to  other  methods.  Before  about  1920  the  most  important  part  of  the 
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work  on  permeability  was  carried  out  by  botanists,  using  the  plasmo- 
lysis  technique.  The  volume  of  a  cell  is  a  function  of  the  number  of 
osmotically  active  particles  within  it,  except  in  cases  where  increase  in 
volume  is  restricted  by  the  rigidity  of  an  enveloping  membrane,  as  is 
the  case  with  many  bacterial  and  plant  cells.  Change  in  the  number 
of  intracellular  particles  (ions,  sugar  molecules,  colloids,  &c.)  brings 
about  a  change  in  the  volume.  The  number  of  particles  within  the 
cell  may  be  modified  by  passage  of  molecules  through  the  cell  mem¬ 
brane  or  by  the  formation  or  destruction  of  molecules  inside  the  cell; 
changes  in  the  state  of  aggregation  of  intracellular  molecules  may 
also  be  important.  The  osmotic  pressure  of  the  external  medium  may 
or  may  not  be  important  according  to  the  equihbrium  conditions  of 
the  cell. 

Under  the  conditions  in  which  plant  cells  are  usually  studied,  they 
are  prevented  from  attaining  osmotic  equilibrium  with  their  environ¬ 
ment  by  their  external  membrane.  If  they  are  placed  in  a  solution  with 
a  higher  osmotic  pressure  than  the  plant  cell,  there  is  a  tendency  for 
water  to  be  withdrawn,  so  that  unless  the  substances  in  the  environ¬ 
ment  penetrate  rapidly  the  cell  shrinks,  its  plasma  membrane  is  with¬ 
drawn  from  the  cell  membrane,  and  the  volume  of  the  cell  is  only 
restored  as  a  result  of  penetration  of  osmotically  active  molecules  from 
the  environment.  The  rate  at  which  return  to  the  initial  volume  occurs 
is  a  function  of  the  rate  of  penetration  of  osmotically  active  molecules, 
and  consequently  permeability  constants  may  be  calculated  from  ob¬ 
servations  of  the  rate  of  volume  change.  This  apparently  simple  be¬ 
haviour  is  often  comphcated  by  special  permeabihty  characteristics  of 
the  membrane. 

In  the  case  of  the  red  blood  cell  the  membrane  is  relatively  imper¬ 
meable  to  cations  and  relatively  permeable  to  anions.  Such  charac¬ 
teristics  may  lead  to  volume  changes  occurring  when  the  cells  are  trans¬ 
ferred  from  one  isotonic  solution  to  another,  if  the  solutions  concerned 
contain  ions  of  different  valency  types.  For  example,  in  NaCl  solution 
the  interior  of  the  red  cell  contains  a  considerable  amount  of  chloride 
ion.  If  the  NaCl  of  the  environment  is  replaced  by  an  osmotic  equivalent 
of  Na2S04,  chloride  ions  exchange  for  sulphate  ions  across  the  cell  mem¬ 
brane.  At  equihbrium,  for  each  two  chloride  ions  originally  present  there 
remains  only  one  sulphate  ion  inside  the  cell,  i.e.  the  number  of  os¬ 
motically  active  particles  inside  the  cell  is  diminished  i  consequently  the 
red  cell  shrinks  on  transference  from  sodium  chloride  to  sodium  sul¬ 
phate.  Furthermore,  since  the  red  cell  membrane  has  inappreciable 
structural  rigidity  and  the  cell  has  no  active  water-excretion  mechanism, 
the  red  cell  body  is  a  direct  function  of  the  external  osmotic  pressure; 
as  this  is  lowered  the  cell  volume  increases  until  the  cell  bur  ts.  Ponder 
has  shown  that  the  volume  changes  are  accompanied  by  a  change  to 
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the  discoid  from  the  spherical  form,  and  that  the  surface  area  of  the  cell 
is  unchanged  during  the  swelUng  process.  The  hght-transmitting  power 
of  a  suspension  of  red  cells  is  a  function  of  the  cell  volume  and  so  may 
be  studied  with  a  photo-electric  cell  or  any  equivalent  device.  Suitable 
apparatus  for  accurate  work  along  these  lines  has  been  described  by 
Jacobs^®^’^®®  and  by  Orskov^®®. 

The  Arbacia  egg,  on  the  other  hand,  is  relatively  impermeable  to 
crystalhne  anions,  and  undergoes  Httle  change  in  volume  on  transferring 
from  sodium  chloride  to  isotonic  sodium  sulphate.  But  it  does  swell  in 
media  of  lower  osmotic  pressure.  With  this  cell  the  surface  area  in¬ 
creases  as  the  cell  swells.  Rupture  of  the  surface  occurs  in  solutions 
having  an  osmotic  pressure  less  than  about  40  per  cent,  of  that  of  sea¬ 
water.  Similar  sw'elling  of  both  red  cells  and  of  Arbacia  eggs  occurs 
when  the  cells  are  transferred  to  a  solution  of  a  penetrating  non -electro¬ 
lyte  such  as  glycol.  Many  studies  on  Arbacia  eggs  have  been  made, 
especially  by  R.  S.  Lilhe^^i^  \yy  Lucke^^e^  Jacobs^®®,  and  by  their 

colleagues. 

Very  different  is  the  behaviour  of  the  trout  egg  (Gray®’).  The  volume 
of  this  cell  does  not  change  with  moderate  variations  in  the  salt  content 
of  the  external  medium,  so  long  as  the  cell  is  alive.  When  the  cell  dies, 
volume  changes  occur  rather  similar  to  those  exhibited  by  a  block  of 
gelatine,  as  a  result  of  the  membrane  becoming  freely  permeable  to 
salts  and  water  but  not  to  the  yolk  globuhns,  &c. 

In  the  case  of  muscle  cells  the  volume  changes  are  strikingly  dependent 
upon  the  nature  of  the  salts  in  the  environment.  To  a  first  approxima¬ 
tion,  the  muscle  cell  membrane  behaves  as  though  it  were  permeable 
to  hydrogen  ion,  potassium  ion,  and  anions,  but  not  to  sodium  ion. 
Conway  has  given  this  theory  quantitative  treatment,  and  has  shown 
that  the  volume  changes,  ionic  content,  and  resting  potential  of  muscle 
may  be  calculated  with  a  remarkable  degree  of  accuracy.  More  recently 
it  has  been  showui,  by  Krogh^^-  in  the  case  of  muscle’  cells  and  by 
Maizels^^i  in  the  case  of  red  cells,  that  active  processes  are  concerned  in 
the  movements  of  sodium,  and  probably  also  of  potassium  across  the 
cell  membrane.  With  both  muscle  cells  and  red  cells  there  appears  to 
be  an  active  excretion  of  sodium  ions.  The  mechanism  of  this  excretion 
is  at  present  obscure. 

As  a  result  of  activity  the  osmotic  pressure  inside  the  muscle  increases 
and  swelling  takes  place,  followed  by  other  volume  changes.  Meyerhof^®® 
has  endeavoured  to  correlate  these  changes  with  the  chemical  changes 
occurring  during  activity. 

Swelling  methods  may  also  be  applied  to  more  complex  organisms, 
e.g.  Pantin’s  work  on  Gunda  ulvae^^^.  Pantin  found  that  this  worm  may 
swell  to  a  remarkable  extent  without  observable  injury,  provided  a 
trace  of  calcium  is  present  in  the  medium. 
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iv.  Heat  and  Electrical  Investigations 
a.  Measurements  of  Heat  Production 

Accurate  measurements  of  the  heat  production  of  muscle  and  nerve 
have  been  made  by  Hartree,  Hill,  and  their  collaborators.  Many 
methods  of  measuring  heat  production  are  theoretically  available,  but 
of  these  the  shielded  thermopyle  method  developed  by  Hill  and  Down¬ 
ing  provides  the  best  technique  yet  developed. 

The  resting  heat  rate,  both  of  muscle  and  of  nerve,  is  practically 
constant. 

The  earlier  measurements  of  Hartree  and  Hill®^  show  that  the  heat 
evolution  from  a  stimulated  muscle  occurs  in  three  phases.  The  first 
phase  involves  a  sudden  evolution  of  heat  occurring  very  shortly  after 
stimulation  and  complete  before  the  maximum  tension  is  reached.  The 
second  phase  of  heat  evolution  is  closely  associated  with  relaxation. 
The  first  and  second  phases  may  be  complete  in  a  fraction  of  a  second. 
The  third  phase,  which  may  last  for  many  minutes,  is  probably  due  to 
the  chemical  processes  associated  with  recovery  and  is  not  directly 
related  to  the  contractile  process. 

Fenn^^  found  that  in  an  isometric  contraction  (response  to  stimulation 
without  shortening)  less  energy  is  evolved  than  in  a  contraction  in  which 
the  muscle  does  work  by  shortening  against  a  load ;  i.e.  in  the  latter 
case  the  heat  evolved  -f  the  mechanical  work  done  is  greater  than  the 
heat  evolved  in  the  former  case,  when  no  work  was  done.  This  appeared 
to  imply  that  a  muscle  ‘knew’  what  load  it  was  shortening  against, 
and  provided  additional  energy  to  compensate  for  it.  Hartree  and  HilP^ 
found  that  in  a  single  twitch  the  total  energy  set  free  is  the  same  whether 
work  is  done  or  not;  when  mechanical  work  is  done,  the  relaxation  heat 
is  diminished  by  an  amount  equal  to  the  work.  But,  in  agreement  with 
I  enn,  it  was  found  that  in  a  tetanic  contraction  extra  energy  is  liberated 
if  mechanical  work  is  done. 

More  recently  HilF^  has  shown  that  the  ratio,  total  energy  released; 
initial  energy  is  close  to  2.  For  individual  muscle  preparations  the 
ratio  varied  between  1-73  and  2-34.  The  value  of  the  ratio  for  a  given 
preparation  was  the  same  for  either  single  contractions  followed  to 
complete  recovery  or  in  a  long  series  of  contractions  in  a  steady  state. 
During  a  steady  state  accumulation  of  the  recovery  heat  occurs.  During 
such  a  steady  state  the  rate  of  recovery  heat  production  may  be  several 
times  the  resting  heat  production.  The  ratio,  mean  heat  rate  during 
steady  recovery ;  resting  heat  rate,  varies  in  individual  preparations  from 

3-8  to  7,  i.e.  the  recovery  heat  rate  lies  between  2*8  and  6  times  the 
resting  heat  rate. 

A  contracting  muscle  obeys  the  extremely  simple  relationship 

{P+a)V  =  6(Po-P) 


(1) 
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or  {P-\-a){V -\-b)  —  b{PQ-{-a)  =  a  constant.  (2) 

Here  P  =  load  lifted,  Pq  =  full  isometric  tension,  V  =  velocity  of 
shortening,  b  defines  the  absolute  rate  of  energy  liberation,  and  a  is 
a  term  having  the  dimensions  of  force  and  defined  by  the  relationship; 
extra  heat*  liberated  during  shortening  =  ax  where  x  =  shortening 
(HilP^).  An  active  muscle  may  be  regarded  as  a  two-component  system, 
consisting  of  (i)  an  undamped,  purely  elastic  element,  in  series  with  (ii) 
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(b)  Isometric  contraction 

TEXT-riG.  2.  Diagram  of  muscle  fibre  (o)  resting,  (b)  in  isometric  contraction. 


a  contractile  element  having  the  second  equation  given  above  as  its 
characteristic  equation.  According  to  Hill  there  may  also  be  viscous 
and  viscous -elastic  elements  present,  but  in  the  case  of  striped  frog’s 
muscle  they  are  relatively  unimportant.  A  ‘resting’  frog’s  muscle  may 
be  regarded,  to  a  first  approximation,  as  behaving  like  a  strip  of  rubber 
(element  1)  tied  to  the  end  of  a  spring  (element  2)  which  is  stretched 
between  two  catches  (Text-fig.  2).  Stimulation  releases  the  catches, 
enabling  the  spring  to  contract,  then  in,  for  example,  an  isometric  con¬ 
traction,  the  rubber  stretches  as  the  spring  contracts.  In  relaxation  an 
unknown  element  is  brought  into  action,  stretching  the  ‘spring’  and 
allowing  the  ‘rubber’  to  return  to  its  original  length.  During  contrac¬ 
tion  the  contractile  element  liberates  heat  which  is  contributed  to  the 
first  heat  production,  and  during  relaxation  the  shortening  of  the  elastic 
element  is  accompanied  by  the  conversion  of  its  potential  energy  into 
heat  which  is  contributed  to  the  relaxation  heat. 

The  heat  production  of  nerve  in  response  to  stimulation  is  very  much 
less  than  that  of  muscle  and  occurs  in  two  phases:  an  initial  phase, 
accompanying  the  response  to  a  stimulus,  and  a  second  phase  of  long 
duration,  probably  connected  with  the  chemical  events  of  recovery  in 
which  the  heat  evolution  is  ten  or  more  times  greater  than  the  initial 
heat.  For  the  non-medullated  limb  nerve  of  the  crab  the  initial  heat  is 
2x10“^  ergs  per  sq.  cm.  of  nerve  axon  surface:  for  the  medullated 
nerve  of  the  frog  it  lies  between  5  X  10“^  and  2-5  X  10“^  ergs  per  sq.  cm., 
according  to  the  experimental  conditions  (Hill*^).  As  Hill  has  pointed 

*  i.e.  heat  liberated  over  and  above  that  liberated  in  isometric  contraction. 
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out,  this  is  a  remarkably  small  amount  of  energy  for  a  surface  pheno¬ 
menon;  for  example,  the  free  surface  energy  of  the  olive-oil -water  inter¬ 
face  is  about  20  ergs  per  sq.  cm.  and  of  cell  surfaces  is  about  0*05-1 -0 
ergs  per  sq.  cm.  It  is  therefore  very  improbable  that  passage  of  the 
impulse  involves  more  than  a  small  physical  change  in  the  nerve  plasma 
membrane.  Complete  breakdown  of  the  membrane  is  very  unlikely. 
Danielli^®  has  suggested  a  theory  of  conduction  of  the  impulse  based  on 
changes  of  state  of  the  lipoid  elements  of  the  membrane,  which  is  com¬ 
patible  with  the  energies  obtained  by  Hill  for  the  initial  heat. 

The  heat  production  of  the  eggs  of  Arbacia  punctulata  has  been  studied 
by  Rogers  and  Cole^^^.  The  heat  production  of  the  resting  unfertilized 
eggs  is  comparatively  small.  On  fertilization  the  rate  of  heat  production 
leaps  up  to  a  value  as  much  as  twelve  times  greater  than  the  previous 
rate.  This  increase  is  only  partially  sustained.  The  rate  falls  to  about 
two-thirds  of  this  value  (6*8  times  the  original  value)  after  20  minutes 
and  remains  constant  for  the  next  30  minutes.  A  further  fall  then  occurs 
to  a  value  5-6  times  the  original  value  and  this  remains  constant  up 
to  the  eight -cell  stage. 


b.  Electrical  Resistance  and  Capacity  {Impedance)  Studies 

By  the  use  of  alternating  current  of  variable  frequency  the  apparent 
resistance  of  biological  systems  can  be  obtained.  Outstanding  work  is 
that  of  Hober^®-®^  on  the  red  eell,  of  Fricke  and  his  colleagues  on  the 
red  celF3,  yeast  celF^  and  leucocytes^^,  and  of  Cole  and  his  colleagues^^ 
on  marine  ova,  the  plant  cell  Nitella,  and  on  the  giant  nerve  axons  of 
the  squid. 


A  general  conclusion  emerges  from  the  work  on  the  various  eells;  the 
cell  plasma  membrane  has  a  capacity  of  the  order  of  1  microfarad  per 
sq.  cm.  and  a  resistance  of  the  order  of  10^  ohms  per  sq.  cm.  The 
capacity  is  very  high  indeed  and  the  resistance,  being  that  of  a  mem¬ 
brane  only  10-8-10-7  cm.  in  thickness,  corresponds  to  a  specific  resist¬ 
ance  of  1018-1011  ohms,  a  value  similar  to  that  of  olive  oil.  It  is  remark¬ 
able  that  the  wide  variety  of  cells  studied  should  all  conform  to  this 
pattern.  The  action  of  various  ions  on  the  resistance  and  capacity  has 
as  yet  been  studied  but  little,  but  Blinksi^.i®  has  shown  that  KCl  greatly 
lowers  the  resistance  oi  Nitella  membranes.  On  the  other  hand,  neither 
KU  nor  CaCl2  has  much  effect  upon  the  resistance  of  the  medullated 
sheath  of  frog  nerve  (Danielli^i).  There  is  little  doubt  that  the  chief 
function  of  the  sheath  is  to  act  as  an  electrical  insulator,  so  that  it  is 

advantageous  to  have  the  resistance  of  this  membrane  insensitive  to 
ions  • 


f is  that  the  higher  resistance  of  cells  to 
ect  current  is  almost  entirely  due  to  the  cell  membranes.  By  using 

high  frequency  alternating  current  it  was  found  that  the  resistance  of 
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the  interior  of,  for  example,  marine  eggs  in  sea-water  is  comparatively 
low,  rarely  greater  than  four  times  that  of  sea-water,  although  the  cells 
may  be  highly  resistant  to  direct  current.  Similarly  the  resistance  of 
the  cytoplasm  of  the  cells  of  mammals  and  other  land  animals  is  not 

vastly  different  from  that  of  the  same 
animals’  plasma.  Generally  speaking, 
in  other  respects  the  results  of  resist¬ 
ance  and  capacity  measurements  have 
so  far  been  disappointing,  as  the 
method  seems  to  be  insensitive  to  the 
minor  changes  in  membrane  proper¬ 
ties  accompanying  normal  cell  acti¬ 
vity,  and  in  some  cases,  where  mem¬ 
branes  are  known  by  other  methods 
to  be  grossly  damaged,  no  change 
in  resistance  or  capacity  occurs  as  a 
Heat  production  O'C.  result  of  the  damage.  Some  important 

results  have  been  obtained  on  eggs, 
muscle,  and  nerve.  Changes  in  the 
resistance  and  capacity  of  some  marine 
eggs  occur  as  a  result  of  fertilization. 
Hubbard  and  Rothschild^®^  have  found 
peculiar  rhythmical  changes  in  the 
impedance  of  trout  eggs,  the  signifi¬ 
cance  of  which  is  obscure.  Dubuisson®’ 
has  made  a  successful  study  of  impe¬ 
dance  changes  in  frog  muscle.  In  a 
strictly  isometric  muscle  there  are 
two  waves  of  increase  in  impedance 
following  the  stimulus.  The  first  of  these  probably  begins  before  the 
contraction  and  attains  its  maximum  during  the  phase  of  rise  in  ten¬ 
sion.  The  second  reaches  a  maximum  during  relaxation  and  returns 
rather  slowly  to  the  base-line ;  this  second  change  in  impedance  remains 
permanently  in  muscles  poisoned  with  iodoacetate.  Dubuisson  suggests 
that  the  first  change  is  related  to  the  transformations  of  adenosine 
triphosphate  and  the  second  change  to  the  transformations  of  creatine 
phosphate.  Text-fig.  3  shows  some  of  the  physical  changes  known  to 
take  place  in  a  stimulated  muscle.  The  experiments  for  the  different 
measurements  were  made  at  different  temperatures,  so  that  comparison 
must  be  made  with  reference  to  similar  points  on  the  tension  curve. 
If  this  is  done  it  will  be  seen  that  the  two  phases  of  the  initial  heat 
production  and  the  two  phases  of  diminution  of  double  refraction  occur 
at  roughly  the  same  points  on  the  tension  curve.  We  have  already 
referred  to  the  fact  that  the  detailed  studies  of  Meyerhof  and  his  col- 
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Text-fig.  3.  Physical  changes  taking 
place  in  stimulated  muscle. 
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leagues  have  shown  that  muscle  volume  diminishes  during  contraction. 
Von  Muralt^^^  also  found  that  the  translucency  of  muscle  diminishes 
during  contraction.  Dubuisson^®  discusses  the  parallelhsm  between  the 
variation  of  these  physical  properties  in  tetanized  muscle  and  in  muscle 
under  anaerobic  conditions  or  poisoned  with  iodoacetate. 

Perhaps  the  most  important  work  so  far  accomphshed  by  impedance 
measurement  is  that  of  Curtis  and  Cole  on  the  change  accompanying 
the  conduction  of  the  impulse  in  nerve  and  large  plant  cells.  R.  S.  Lilliei22 
has  summarized  and  discussed  the  evidence  for  the  view,  put  forward 
in  1909  and  1912  by  Bernsteini^,  that  the  basic  phenomenon  in  response 
to  a  stimulus  is  a  transient  increase  in  permeability  to  ions,  and  in  the 
case  of  nerve  the  transmission  of  the  impulse  consists  essentially  in  the 
travelhng  of  this  increase  in  permeability  along  the  axon  membrane, 
together  with  the  concomitant  discharge  of  ions  through  the  permeable 
area  which  is  reflected  in  the  action  potential.  Using  a  very  refined 
technique  Curtis  and  Cole^^*^®  w'ere  able  to  show  that  wdth  Nitella  and 
the  giant  axons  of  the  squid  this  transient  increase  in  permeability  (or 
conductivity)  does  in  fact  accompany  the  action  potential.  The  con¬ 
ductivity  of  the  plasma  membrane  is  increased  about  200-fold.  The 
capacity  changes  comparatively  httle. 

Small  though  the  change  in  conductivity  is,  the  residual  resistance 
of  the  nerve  membrane  is  still  comparatively  high,  so  that  it  is  evident 
that  the  membrane  does  not  break  down  during  the  transmission  of  the 
impulse.  This  confirms  the  view  of  A.  V.  Hill,  based  on  heat-production 
measurements,  that  complete  breakdown  is  improbable. 

Studies  by  Cole'*®  have  shown  that  if  the  impedance-time  relations 
are  to  be  interpreted  in  terms  of  circuit  theory,  a  nerve  must  be  regarded 
as  containing  an  element  of  inductance.  This  is  a  highly  improbable 
occurrence,  and  it  is  likely  that  the  apparent  inductive  element  is  pro¬ 
duced  by  changes  in  structure  with  time,  along  the  lines  suggested  by 
Danielli. 

c.  Potential  Measurements 

A  great  variety  of  cells  and  tissues  have  been  used  for  potential 
measurements,  and  such  studies  have  played  a  vital  role  in  several 
branches  of  physiology,  including  the  investigation  of  the  transmission 
of  the  nerve  impulse.  The  results  of  these  investigations  are  too  well- 
known  to  need  recapitulation.  We  may,  however,  consider  for  a  moment 
the  interpretation  of  potential  measurements.  On  this  subject  Gasser®® 
^  remarked:  ‘It  would  be  to  the  advantage  of  every  electrophysiologist 
to  nail  this  notice  on  an  imaginary  laboratory  door— cannot  deter¬ 
mine  a  process  from  a  potential:  There  has  been  no  change  in  the  accu¬ 
racy  of  this  remark.  Students  of  electrophysiology  are  therefore  obliged 
to  undertake  other  physical  measurements  running  parallel  to  potential 
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measurements,  but  this  work  is  still  in  its  infancy.  Consequently,  little 
more  can  be  said  of  the  resting  potential  than  that  it  behaves  as  though 
it  were  a  potassium  diffusion  potential  arising  across  the  plasma  mem¬ 
brane,  and  that  the  plasma  membrane  is  more  permeable  to  potassium 
than  to  other  cations  such  as  sodium  and  calcium.  The  potential  is  to 
some  extent  a  function  of  metabohsm,  but  probably  rather  indirectly 
so.  These  conclusions  are  based  on  the  work  of  MacdonakP^o^  Hober»^-»6, 
Osterhout^^^,  Coward^,  and  many  others.  The  biological  studies  and  the 
mechanisms  by  which  potentials  arise  have  been  reviewed  by  Davson 
and  Danielh^®. 

The  action  potential  of  nerve,  muscle,  and  of  large  plant  cells  is  now 
beheved  by  almost  all  workers  to  involve  a  discharge  of  the  resting 
potential  as  the  result  of  increased  permeabihty  of  the  plasma  mem¬ 
brane.  As  mentioned  before,  there  is  a  large  transient  increase  in  per¬ 
meability  now  known  to  occur  parallel  to  the  transmission  of  the  im¬ 
pulse  in  Nitella  and  in  squid  nerve.  However,  Cole  has  shown  that  the 
magnitude  of  the  impulse  is  greater  than  that  of  the  resting  potential, 
so  that  discharge  of  the  resting  potential  is  not  in  itself  sufficient  to 
account  entirely  for  the  action  potential.  From  the  work  of  Katz'®®  and 
of  Hodgkin®®  it  is  known  that  in  electrical  stimulation  of  nerve,  whereas 
very  weak  stimuli  cause  no  local  response,  stimuli  a  little  below  threshold 
do  cause  a  local  response,  so  that  the  change  in  permeability  is  probably 
capable  of  gradation  and  is  not  necessarily  explosive  (all  or  none)  in 
character. 

Satisfactory  analysis  of  more  comphcated  systems,  such  as  frog  skin, 
has  only  just  begun. 

d.  Electrophoresis  Measurements 

By  measuring  the  rate  at  which  a  cell  moves  in  a  potential  gradient 
it  is  possible  to  calculate  the  average  charge  density — that  is,  the  num¬ 
ber  of  ions  per  sq.  cm. — on  the  cell  surface  or  on  the  surface  of  the 
outermost  membrane  of  the  cell.  In  solutions  more  dilute  than  about 
0-1  N-O-OOl  N  according  to  the  cell,  the  results  obtained  are  unreliable: 
the  charge  on  the  cell  surface  causes  the  local  concentration  of  ions  near 
the  surface  to  be  much  greater  than  the  average  in  the  surrounding  bulk 
solution,  and  in  consequence  of  this  the  cell  is  exposed  to  a  lower  poten¬ 
tial  gradient  than  the  average  value  given  by  the  recording  instruments. 
Consequently  many  of  the  results  in  the  hterature  showing  a  dependence 
of  surface  charge  on  salt  concentration  must  be  regarded  with  suspicion. 

Hartley  and  Roe’®  have  shown  that  the  concentration  of  ions  near 
a  surface  may  be  determined  from  the  electrophoretic  mobility,  and 
DaniellB®'®2.55  has  shown  that  this  concentration  may  be  calculated 
also  from  the  charge  density,  using  the  theory  of  Debye  and  Hlickel 
to  calculate  the  volume  in  which  the  surface  ions  are  distributed.  The 
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concentration  of  ions  near  a  surface  may  be  several  hundred  times  that 
in  the  surrounding  bulk  salt  solution.  The  average  concentration  of 
univalent  ions  at  the  surface  of  cells  is  usually  1-3-5  times  greater; 
this  involves,  for  example,  a  pH  difference  between  the  salt  solution 
and  the  cell  surface  of  between  0-1  and  0-7  pH  units.  It  is  possible 
that  in  localized  regions  of  the  cell  surface  the  excess  of  ions  is  much 
greater. 

Calculations  show  that  when  cells  are  present  in  a  medium  containing 
a  sodium :  calcium  ratio  of  the  order  of  100:1,  the  ratio  of  ions  at  the 
cell  surface  is  markedly  different,  being  of  the  order  of  1 : 1 .  It  is  probable 
that  the  physiologically  balanced  ratio  of  100  sodium  ions  to  1  calcium 
ion,  which  is  so  desirable  for  physiological  salt  solutions,  is  determined 
by  the  necessity  of  having  a  physio -chemically  balanced  ratio  of  the 
order  of  1  sodium:  1  calcium  ion  at  the  cell  surface. 

Abramson’s  book^,  Electrophoretic  Phenomena,  contains  a  survey  of 
measurements  made  on  cells. 


e.  pH  Measurements 

pH  measurements  made  by  vital  staining  dyes  and  by  the  injection 
of  dyes  into  cells  have  already  been  referred  to  under  micro -dissection. 
Three  methods  have  been  used  to  study  pH  changes  caused  by  cellular 
activity.  (1)  The  evolution  of  COg.  This  is  complicated  by  diffusion 
factors  so  that  it  cannot  be  used  for  studying  the  rapid  changes  in  pH 
which  occur  during,  for  example,  the  contraction  of  a  muscle,  but  it  is 
one  of  the  best  methods  for  studying  slow  processes,  such  as  recovery 
in  muscle.  It  has  been  used  successfully  by  D.  K.  HilP'*  to  investigate 
the  recovery  of  frog  muscle  after  stimulation.  (2)  Colour  changes  with 
indicators.  This  is  relatively  insensitive  and  open  to  experimental  error, 
unless  spectrophotometric  studies  can  be  made.  Margaria  and  Pulcher^^^ 
used  the  method  for  studying  changes  in  muscle.  The  technique  would 
probably  pay  for  further  development.  (3)  The  glass  electrode.  This 
method  has  been  used  particularly  successfully  by  Dubuisson.  It  is  not 
available  for  studying  recovery  processes,  but  does  enable  rapid  changes 
to  be  studied  with  some  accuracy,  subject  to  an  unknown  error  due  to 
the  time  taken  for  acid  generated  within  the  cells  to  reach  equihbrium 
with  the  fluid  bathing  the  cells.  According  to  Dubuisson^s  there  are  four 
changes  in  pH  taking  place  in  smooth  muscle  during  the  contraction- 
relaxation  cycle,  and  probably  the  same  changes  also  take  place  in 
stnped  muscle,  though  the  greater  speed  of  the  contraction  makes  it 
difficult  to  secure  adequate  results  for  striated  muscle.  These  changes 
in  smooth  muscle  are: 


(а)  AlkaUne;  probably  pre-contractile;  of  the  order  of  1  mm.^  or  less 
ot  tOg  per  gm.  of  muscle  per  twitch;  cause  unknown. 

(б)  Acid;  probably  occurs  early  in  the  contractile  process;  of  the  order 
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of  3  mm.3  of  COg  per  gm.;  cause,  possibly  hydrolysis  of  adenosine  tri¬ 
phosphate. 

(c)  Alkaline;  has  its  maximum  at  the  beginning  of  relaxation;  of  the 
order  of  1  mm.®  of  CO2  per  gm.;  cause,  possibly  hydrolysis  of  creatine 
phosphate. 

(d)  Acid;  begins  at  maximum  tension,  but  only  reaches  a  maximum 
several  minutes  later  (at  20°  C.);  cause,  probably  lactic  acid  formation.’ 

Dubuisson,  assuming  that  the  pH  changes  (6),  (c),  and  {d)  have  the 
chemical  basis  given  above,  has  calculated  the  form  of  the  heat  produc¬ 
tion  of  smooth  muscle,  assuming  it  to  be  exclusively  due  to  the  three 
reactions  mentioned.  The  anaerobic  heat  should  begin  with  a  positive 
heat  in  the  early  stages  of  contraction,  followed  by  a  second  positive 
heat  production  near  the  maximum  and  during  relaxation  (early  stages), 
and  by  a  negative  heat  in  the  later  stages  of  relaxation.  Finally,  there 
is  a  prolonged  positive  recovery  heat,  lasting  many  minutes,  due  to  the 
lactic  acid  formation.  This  calculated  anaerobic  heat  resembles  in  many 
ways  the  anaerobic  heat  production  of  muscle  found  by  Hartree. 
Dubuisson  makes  it  clear  that  these  theories  must  be  regarded  with 
reserve. 

D.  K.  HilP^,  measuring  the  volume  of  COg  produced  at  0°  C.  by  the 
frog  sartorius  muscle,  finds  that,  under  circumstances  in  which  lactic 
acid  is  not  formed,  only  alkaline  changes  associated  with  the  hydrolysis 
and  resynthesis  of  creatine  phosphate  are  observed.  When  lactic  acid 
production  is  permitted,  an  acidity  is  found  which  may  (e.g.  with  cyanide 
poisoning)  take  15  minutes  to  become  half  complete.  There  are  interest¬ 
ing  variations  in  these  pH  changes  when  enzyme  poisons  such  as  iodo- 
acetate,  cyanide,  and  azide  are  used,  which  are  assisting  greatly  in 
allocating  the  relative  positions  in  time  of  the  various  reactions  which 
are  known  to  accompany  or  succeed  contraction. 

V.  Models  of  Biological  Systems 

Owing  to  the  great  complexity  of  living  systems,  those  working  on 
physical  properties  of  cells  must  frequently  resort  to  a  more  or  less  crude 
model.  Until  recently  these  have  been  largely  composed  of  iron  wire, 
gelatine,  nitrocellulose,  and  olive  oil  emulsions.  Recently,  more  suitable 
models  have  become  available  as  the  result  of  the  development  of  sur¬ 
face  and  colloid  chemistry.  These  models  enable  us  to  test  the  feasibiUty 
of  some  theories  of  biological  mechanisms  with  materials  which,  though 
not  identical  with  natural  membranes  and  colloids,  nevertheless  very 
closely  resemble  them  in  many  important  features,  such  as  the  nature 
of  the  molecules  involved  and  the  physical  dimensions  of  the  structures 
considered.  Models  which  have  been  particularly  important  are  tactoids 
as  a  model  of  plasma  gel,  and  lipo -protein  films  and  monolayers  as 
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models  of  the  plasma  membrane  and  other  biologically  important 
surfaces. 

a.  Tactoids 

If  a  solution  of  tobacco  mosaic  virus  is  left  standing  under  suitable 
conditions  it  separates  into  two  or  three  components:  (a)  crystals  of  the 
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Text-fig.  4.  Potential  energy  of  colloidal  particle  as  a  function  of  the  distance 
between  adjacent  particles  (tactoid  forming  type  of  particle). 


virus,  (6)  a  top  layer  which  has  no  rigidity,  but  which  shows  double 
refraction  on  being  made  to  flow;  (c)  a  denser,  lower  thixotropic  gel 
layer  having  some  rigidity  and  which  is  spontaneously  doubly  refrac- 
ting.  During  the  separation  of  the  two  layers  needle-  or  spindle-shaped 
bodies  of  higher  or  lower  density  form  in  the  body  of  the  solution  and 
rise  or  fall  slowly  according  to  their  density.  Coalescence  of  these  bodies 
gives  rise  to  the  two  layers.  Bernal  and  Fankucheni3,  and  Bawden  et 
al^,  have  shown  by  X-ray  studies  that  the  lower  layer  consists  of  an 
hexagonal  lattice  in  which  the  needle-shaped  protein  particles  are 
oriented  parallel  to  one  another,  the  distance  between  adjacent  particles 
varying  from  50  to  12-5  m/x  as  the  concentration  of  protein  increases.  In 
the  crystal  the  molecules  are  much  closer  together  th«n  fbio 
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instability.  Langmuir^i^  and  Levene^i®  have  discussed  theoretical  as¬ 
pects  of  the  problem  of  long-range  forces  between  colloidal  particles, 
which  may  lead  to  the  potential  energy  of  a  particle  being  less  at  large 
distances  of  separation  and  over  a  small  range  8  of  separation  distances, 
than  over  an  intermediate  range  of  distances.  The  separation  distance  8, 
though  relatively  small,  is  much  greater  than  the  distance  between 
particles  in  the  crj’^stal.  Thus  a  solution  of  composition  corresponding 
to  I  (Text-fig.  4)  should  separate  spontaneously  into  two  phases,  one 
more  concentrated,  the  other  less  concentrated.  The  more-concentrated 
phase,  corresponding  to  separation  distance  8,  corresponds  to  the  spon¬ 
taneously  doubly  refracting  virus  gel.  Rothen^®®  has  recently  produced 
evidence  for  the  operation  of  specific  forces  between  antibodies  and 
antigens.  The  further  study  of  these  long-range  forces  is  of  the  greatest 
importance  for  cytology. 

These  theoretical  and  experimental  studies  lay  the  foundations  for 
the  investigation  of  the  rigid  gel-hke  spontaneously  doubly  refracting 
bodies  which  are  known  to  play  such  a  large  part  in  protoplasmic  move¬ 
ment.  Investigation  of  the  infiuence  of  particle  size,  charge  and  hydra¬ 
tion  on  these  gels  may  throw  much  light  on  the  mechanism  of  movement. 

6.  Films  and  Moiiolayers 

Since  Overton  pubhshed  his  theory  of  the  structure  of  the  cell  mem¬ 
brane  many  workers  have  believed  that  the  cell  membrane  is  a  hpoid 

layer,  and  we  now  know  that,  owdng  to  the 
great  surface  activity  of  proteins,  the  cell 
membrane  must  have  a  layer  of  protein  ad¬ 
sorbed  on  its  two  surfaces.  To  test  the  lipoid 
layer  hypothesis,  Danielli^^  constructed  some 
artificial  thin  lipoid  layers,  stabilized  by  ad¬ 
sorbed  protein,  by  placing  an  oil  layer  above 
an  aqueous  phase  and  running  drops  of  water 
into  the  oil  layer.  The  drops  settled  down 
at  the  oil/ water  interface  with  a  thin  film  of 
oil  betw^een  the  two  aqueous  phases.  If  the 
density  of  the  aqueous  solution  in  the  drop  is 
greater  than  that  of  the  aqueous  layer,  part 
of  the  drop  may  fall  away  from  the  interface 
and  enter  the  lower  aqueous  layer,  coated 
by  a  complete  shell  of  oil  (Text-fig.  5).  Such 
spherical  shells  are  relatively  stable,  so  we 
can  say  with  confidence  that  the  lipo -protein 
pauci-molecular  layer  theory  of  the  cell  membrane  is  quite  feasible. 

Physical  studies  on  such  films,  especially  those  not  exceeding  5  m^ 
in  thickness,  mav  reveal  manv  facts  important  for  biolog}'.  They  may 

7  ^ 


Text-fig.  5.  Formation  of  a 
spherical  shell  of  oil. 
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differ  from  thicker  oil  layers  in  so  far  that  in  a  layer  only  5m/u  thick 
a  large  proportion  of  the  membrane  molecules  will  be  oriented  at  the 
two  membrane/water  interfaces,  whereas  with  thicker  layers  this  will 
not  be  the  case.  At  present  not  all  the  experimental  difficulties  have 
been  surmounted,  and  the  greater  part  of  the  information  available  on 
films  comes  from  the  study  of  monolayers  at  the  air/water  and  oil/water 
interfaces. 
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CHAPTER  III 

THE  MONOLAYER  TECHNIQUE 

By  J.  H.  SCHULMAN 

i.  Introduction 

This  technique  is  a  simple  and  convenient  way  of  studying: 

(1)  The  structure  and  chemical  composition  of  interfaces. 

(2)  Chemical  reactions  and  molecular  associations  taking  place  at 
interfaces.  The  interfaces  which  have  special  biological  interest 
are  those  between  a  monolayer  and  its  substrate  as  envisaged  by 
the  air/ water  interface  and  the  Upoid  or  oil/water  interface. 

(3)  From  a  knowledge  of  the  chemistry  and  behaviour  of  molecules 
of  biological  importance  such  as  lipoids  and  proteins  at  oil/water 
interfaces  direct  analogies  have  been  drawn  as  to  their  possible 
function  in  vivo.  This  has  also  been  especially  applied  for  those 
substances  which  have  marked  biological  effects  in  minute  con¬ 
centrations  and  show  a  puzzling  specificity.  It  has  been  shown 
that  an  analogous  specificity  exists  between  the  action  of  these 
active  substances  on  a  synthetic  cell  surface  as  understood 
by  mixed  lipo -protein  monolayers  and  their  action  on  cells  such 
as  red  cells,  unicellular  animals,  or  bacteria,  &c. 

ii.  Methods 

Literature.  An  excellent  detailed  survey  of  all  this  field  has  been  given 
by  J.  S.  Mitcheps  in  the  colloidal  properties  of  the  cell.  Details  of  the 
methods  used  in  the  monolayer  technique  with  full  hterature  references 

are  given  by  J.  H.  Schulman^®,  N.  K.  Adam^,  and  A.  E.  Alexander  and 
P.  Johnson®. 


iii.  Properties  of  Monolayers 
a.  Electrical  Properties 

The  deposition  of  a  monolayer  of  molecules  at  the  air/water  or  oil/ 
water  interface  changes  the  surface  potential.  This  potential  is  that 
measured  between  an  air  electrode  and  the  surface  of  the  aqueous  solu¬ 
tion  and,  as  will  be  shown  later,  is  related  in  some  way  to  the  vertical 
component  of  the  resultant  dipole  moment  of  the  polar  groups  of  the 
molecules  forming  the  monolayer. 

•  .T!*!  surprising  and  useful  fact  regarding  this  potential  change 
IS  that  It  IS  constant  with  time.  All  potentials  of  this  description  should 
e  polarized  by  the  ions  of  the  opposite  sign  in  the  aqueous  solution  or 
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should  decay  with  time  according  to  the  capacity  and  resistance  of  the 
system. 

0.  Gatty29  suggested  the  following  explanation  for  this  phenomenon: 
the  electrical  double  layer  composed  of  sheets  of  positive  and  negative 
charges  would  be  partially  neutralized  from  the  aqueous  side  of  the 
electric  double  layer  by  ions  in  the  solution.  No  polarization  can  take 
place  from  the  air  side,  since  any  ions  in  the  air  which  would  become 
attracted  to  the  surface  to  build  up  the  neutralizing  layer  would  be 
sucked  continually  into  the  solution  by  their  own  mirror  image  forces. 

Indeed,  it  can  be  demonstrated  by  a  suitable  choice  of  a  non-aqueous 
medium  to  replace  the  air,  in  which  ions  can  be  dissolved,  that  potentials 
of  this  description  at  an  aqueous  interface  do  decay  with  time  according 
to  the  usual  theory. 

Strong  indication  that  this  surface  potential  is  related  to  the  resultant 
vertical  component  of  the  various  polar  groups  in  the  molecule  of  the 
film -forming  substance  can  be  shown  by  the  case  of  the  aliphatic  esters. 
Films  composed  of  esters  consisting  of  a  long  hydrocarbon  chain  at¬ 
tached  to  the  acid  radical  and  a  short  hydrocarbon  chain  attached  to 
the  alcohol  radical  such  as  ethyl  myristate  orientate  themselves  when 
the  film  is  expanded  with  the  two  chains  side  by  side.  On  compression 
of  this  film  the  short  chain  is  reorientated  into  a  position  opposite  the 
long  hydrocarbon  chain,  thus  changing  the  resultant  electrical  field  of 
the  alcohol  radicle  dipole^. 

In  the  initial  position  the  resultant  dipole  is  large,  as  can  be  seen  from 
the  diagram. 


CHo  CH3 

\  \ 

-  o^^o— 


Interface 

water 


and  is  experimentally  found  to  be  5-10“^®  E.S.U.;  in  the  compressed 
position  the  molecule  orientates  similar  to  the  second  diagram 
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and  the  resultant  dipole  moment  as  measured  by  surface  potentials  is 
very  small,  and  actually  in  the  case  of  cetyl  palmitate  is  zero. 

There  are  many  other  examples  showing  that  the  surface  potential 
is  related  in  some  direct  way  to  the  polar  group  of  the  film -forming 
molecule.  The  ionization  of  a  fatty  acid  film  at  20  per  molecule  as 
the  hydrogen-ion  concentration  changes  in  the  underlying  solution  gives 
radical  changes  in  the  surface  potential,  starting  with  more  than  -t-bOO 
mV  in  strong  acid  solutions  to  — 150  mV  in  alkaline  solutions^  .  The 
surface-potential  technique,  therefore,  becomes  a  very  useful  and  simple 
tool  for  investigating  chemical  reactions  and  associations  which  a  mono- 
layer  may  undergo  with  ions  or  chemical  substances  present  or  injected 
into  the  underlying  solution. 

Examples  of  these  reactions  will  be  given  later  together  with  their 
biological  analogies.  Any  change  in  the  polar  group  of  the  molecule 
either  by  reorientation,  association,  or  in  its  chemistry  is  immediately 
reflected  in  the  surface  potential. 

The  surface-potential  change  is  given  as  AF  =  Anrip.,  where  n  is  the 
number  of  molecules  per  sq.  cm.  at  the  interface  and  p.  is  a  function 
of  the  polar  group  or  groups  of  the  film -forming  molecule^^. 

The  surface  potential  is  measured  by  means  of  an  air  electrode  in  the 
shape  of  a  thin  wire  on  which  is  deposited  some  radium  D  or  polonium, 
or  a  millicurie  of  mesothorium  in  a  tube  placed  in  the  near  vicinity  of 
the  wire.  These  substances  ionize  the  air  gap  of  a  few  millimetres  be¬ 
tween  the  end  of  the  wire  and  the  aqueous  surface.  The  air  electrode  is 
connected  through  an  earthing  switch  to  an  electrometer  or  to  a  valve 
amplifier  with  a  galvanometer  attached.  The  electrometers  or  galvano¬ 
meters  are  used  conveniently  as  null  instruments.  This  side  of  the  cir¬ 
cuit  must  be  well  insulated  and  shielded  against  electrical  disturbances. 
The  aqueous  solution  is  connected  to  earth  by  means  of  a  calomel  half 
cell  with  salt  bridge,  or  simply  by  means  of  a  platinum  or  silver  wire. 
Between  the  half  cell  and  earth  a  potentiometer  is  arranged  so  that  an 
opposite  potential  can  be  placed  across  the  air  gap  to  bring  the  electro¬ 
meter  needle  to  zero.  The  change  of  this  potential  due  to  the  deposition 
of  a  monolayer  is  termed  the  surface  potential  of  the  film.  The  number 
of  molecules  per  sq.  cm.  being  known,  p  can  be  plotted  in  electrostatic 
units  against  the  area  of  the  molecule. 

The  air  electrode  can  be  so  manipulated  as  to  move  over  the  whole 
surface  of  the  interface,  thus  establishing  the  area  per  molecule  in  which 
electrical  homogeneity  occurs.  These  areas  usually  denote  changes  of 
state  of  the  film. 

6.  Surface  Pressures 

If  the  monolayer  consisting  of  water-insoluble  molecules  be  deposited 
on  to  the  surface  of  an  aqueous  solution  contained  in  a  trough  filled  to 
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a  bevelled  edge,  and  the  area  of  the  film  is  restricted  between  a  waxed 
slide  and  a  movable  waxed  boom  which  can  be  kept  in  its  original  posi¬ 
tion  by  means  of  a  torsion  wire,  then  the  surface  pressure  is  defined  as 
the  force  per  cm.  of  the  boom  which  is  required  to  hold  the  boom  in 


Text-fig.  1.  Schematic  isotherm  out  of  a  two-dimensional  phase  diagram  for  fatty 

acid  monolayers  on  N/lOO  HCl. 


position.  Leakage  of  the  film  past  the  boom  is  prevented  by  means  of 
vaselined  silk  threads  or  thin  platinum  ribbons. 

This  surface  pressure  (F)  is  plotted  against  the  area  per  molecule  (^4) 
or  the  number  of  molecules  per  sq.  cm.  (xV).  (Text-fig.  1.) 

If  the  surface  tension  of  a  free-water  surface  is  yo  surface 

tension  of  the  surface  after  deposition  of  a  monolayer  is  y,„,  then  the 
surface  pressure  is  equal  to  yo— Vm- 

This  form  of  trough  with  surface  boom  is  usually  called  a  Langmuir- 
Adam  trough,  after  the  names  of  the  two  chief  workers  in  this  field. 
It  is  useful  to  look  upon  the  physical  characteristics  of  a  monolayer  as 
measured  by  the  Langmuir- Adam  trough  in  their  three-dimensional 
analogies. 
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Thus  since  the  insoluble  molecules  are  restricted  to  one  side  of  a 
barrier  and  their  pressure  measured  against  the  free-water  surface,  it 
has  all  the  features  of  a  two-dimensional  osmotic  pressure.  The  barrier 
being  semi-permeable  restricts  the  monolayer  molecules  and  permits  the 
diffusion  of  water  molecules.  It  is  convenient  to  look  upon  the  effect 
as  due  to  the  balance  between  association  and  ejection  of  the  water 
molecules  from  around  the  polar  groups  of  the  molecules,  as  the  mono- 
layer  is  restricted  between  the  boom  and  the  waxed  slide.  If  the  ad¬ 
hesion  between  the  molecules  in  the  film  is  small,  under  the  usual  physical 
conditions  {T,  F,  A),  then  they  will  obey  the  gas  law  and  one  may  write 
an  equation  of  state  similar  to  the  three-dimensional  gas  law. 

It  is  actually  the  mutual  associating  forces  between  the  polar  and 
non -polar  portions  of  large  molecules  which  are  the  interesting  charac¬ 
teristics  of  the  molecules  at  interfaces,  since  it  is  only  due  to  adlineation 
of  the  molecules  by  the  asymmetrical  field  of  forces  at  an  interface  which 
brings  these  forces  into  action. 

In  bulk  solutions  these  forces  can  only  be  determined  by  viscosity  and 
micelle  formation.  The  energy  of  association  between  molecules  when 
they  are  adlineated  at  an  interface  can  be  of  the  order  of  30,000  cal., 
which  is  more  than  sufficient  to  change  the  chemical  and,  more  im¬ 
portant,  the  biological  activity  of  the  compound.  The  importance  of 
orientation  in  relation  to  activity  of  the  molecules  will  be  stressed  later. 

As  soon  as  the  energy  of  the  associating  forces  between  the  molecules 
commences  to  predominate  over  their  kinetic  energy,  the  monolayer 
will  change  its  state.  In  fact,  the  force/area  curve  with  temperature 
change  gives  a  complete  phase  diagram  for  a  monolayer.  (Text-fig.  1.) 

The  various  kinks  in  the  curves  are  transformation  points  for  the 
various  states.  These  points  have  been  given  direct  three-dimensional 
analogies;  thus  the  area  per  molecule  for  the  commencement  of  the 
liquid  state  is  equal  to  the  (volume)^^^  for  a  molecule  in  the  interior  of 
a  drop  of  the  liquid.  The  area  per  molecule  at  the  end  of  the  liquid  state 
is  the  area  per  molecule  which  exists  at  the  surface  of  a  drop  of  the 
liquid;  or  the  monolayer  at  its  greatest  compression  in  the  liquid  state 
is  equivalent  to  a  very  thin  drop  of  one  molecule  in  thickness^^ 

Complete  adlineation  of  the  molecule  is  required  before  the  molecule 
can  exist  in  the  solid  state  in  a  monolayer. 

The  sharp  changes  and  limiting  areas  in  the  force/area  curves  are 
related,  therefore,  to  the  chemistry  of  the  non-polar  portion  and  to  the 
nature  of  the  polar  group,  and  it  is  reasonably  easy  to  distinguish 
from  the  nature  of  the  curves  the  possible  structure  of  the  film-forming 
molecule  (see  example  later). 

It  is  experimentally  possible  to  measure  in  a  simple  manner  changes 
in  surface  pressure  from  60  dynes/cm.  to  0*001  dynes/cm.;  this  is  equi- 
\alent  in  three  dimensions  to  measuring  the  physical  characteristics 
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of  a  compound  from  about  100  atmospheres  to  one-thousandth  of  an 
atmosphere. 

Two-dimensional  Gas  State.  It  can  be  seen  in  Text-fig.  1  that  at  very 
low  pressures  for  the  example  given  (Myristic  acid  below  0-2  dynes/cm.) 
there  is  an  isotherm  A  A'  obeying  the  law  FA  =  RT,  which  is  equiva¬ 
lent  in  three  dimensions  to  PV  =  RT.  Equally  one  may  write  an 
analogue  to  the  equation  of  Amagat  F{A—Aq)  =  XRT,  where  A^  is 
a  co-surface  area  of  the  molecular  similar  to  the  three-dimensional  co¬ 
volume,  and  X  is  a  constant.  This  permits  one  to  measure  the  mole¬ 
cular  weight  of  the  molecule  by  simply  plotting  the  CjF  {C  surface 
concentration)  (1/A  =  N  number  of  molecules  per  sq.  cm.)  against  the 
surface  concentration.  {X  relates  to  the  non-ideality  of  the  gas.)  Then 

M  =  molecular  w'eight  =  2-43  x  10®limC'/E. 

C-H} 

On  compression  of  this  two-dimensional  gas  liquification  will  take  place 
at  a  certain  pressure,  temperature,  and  area.  (Myristic  acid  17°  C., 
0*2  dynes/cm.  and  850  A.)  An  equilibrium  pressure  will  set  in  which, 
on  restriction  of  the  area  of  the  surface  film,  forms  a  transition  from 
a  gas  to  a  liquid  phase.  Thus  transition  consists  of  a  two-dimensional 
liquid  micelle  in  equilibrium  with  diffuse  gas  molecules.  The  flat  transi¬ 
tion  at  constant  pressure  {AB)  can  at  certain  temperatures  deviate  from 
a  flat  horizontal  curve  if  the  liquid  micelles  are  sufficiently  small  to 
exert  a  type  of  gas  pressure  on  their  own^®’ 

At  an  area  of  approximately  50  for  myristic  acid  at  point  B 
(Text-fig.  1)  the  whole  surface  is  now  uniformly  covered  by  the  two- 
dimensional  liquid,  as  shown  by  a  sudden  rise  in  surface  pressure  and 
surface  potential.  This  potential  is  now  uniform  over  the  whole  sur¬ 
face,  in  comparison  with  the  range  AB,  where  the  surface  potential 
can  vary  from  150  mV  to  10  mV,  as  ascertained  by  the  moving  ionizing 
air  electrode^®. 

Two-dimensional  Liquid  State.  The  compression  range  of  the  mono- 
layer  from  50  to  33  A^  {BC,  Text-fig.  1),  although  comparable  to  a 
liquid,  varies  from  a  true  liquid  in  that  it  consists  of  a  layer  of  orientated 
hydrocarbon  chains  adhering  together  through  Van  der  Waals  forces, 
together  with  a  layer  of  carboxyl  polar  groups  associating  with  the 
water,  but  repelling  one  another.  Thus  the  duplex  film  behaves  as  a 
liquid  in  the  hydrocarbon  layer,  and  a  gas  in  the  polar  layer.  An  equa¬ 
tion  of  state^^  has  been  given  for  this  type  of  force/area  curve: 

(F-Fo)(A-Ao)  =  C. 

Fq  is  related  to  the  lateral  adhesion  between  the  hydrocarbon  chains  on 
the  non-polar  portion  of  the  molecule,  and  Aq  is  related  to  the  cross- 
sectional  area  of  the  polar  group. 

Considerations  have  also  been  given  in  that  on  compressing  a  mono- 
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layer,  besides  changing  the  tilt  of  the  molecule  to  the  horizontal,  one  is 
restricting  the  rotation  the  molecules  may  undergo  around  their  long 
axis.22  point  C  33  (myristic  acid  T.  17°  C.)  a  transition  from  the 
liquid  to  the  solid  or  condensed  state  takes  place.  This  transition  is 
similar  to  a  liquid  in  equilibrium  with  a  solid,  and  should  be  a  flat 
constant-pressure  transition.  The  fact  that  the  curve  CD  is  not  hori¬ 
zontal  is  explained  again  in  that  the  liquid  micelles  are  sufficiently  small 
to  exert  a  pressure  on  their  own.  Point  C  could  also  be  a  higher  trans¬ 
formation  point,  e.g.  a  configuration  or  reorientation  change  in  the 
molecule  without  change  of  energy.  In  this  case,  restriction  of  rotation 
of  the  molecules  occurs  along  the  main  axis.  In  most  cases  the  range 
CD  is  electrically  unhomogeneous  by  surface  potentials,  favouring 
the  first  theory. 

Two-dimensional  Condensed  or  Solid  States.  The  curve  DEG  can 
be  seen  from  its  slope  to  denote  a  highly  incompressible  monolayer  with 
the  hmiting  area  of  ca.  19  A^.  This  area  is  that  of  the  cross-section  of 
a  vertically  orientated  hydrocarbon  chain  as  established  by  X-ray  dif¬ 
fraction  patterns  for  fatty  acid  crystals.  The  portion  EG  oi  the  curve 
is  usually  a  two-dimensional  solid,  as  shown  by  the  fact  that  talc  powder 
particles  do  not  move  when  blown  upon  on  the  surface,  or  only  in  short 
jerk-like  movements.  The  portion  ED  can  represent  a  two-dimensional 
liquid  crystal  in  which  the  molecules  have  only  one  common  orienta¬ 
tion.  The  association  of  water  molecules  around  the  polar  group,  and 
the  mutual  association  of  the  polar  groups  themselves,  can  obviously 
play  an  important  part  in  the  structure  of  the  condensed  films.  If  there 
is  strong  mutual  polar-group  association  the  water  molecules  can  be 
squeezed  out  from  between  the  head  groups.  This  is  especially  marked 
with  the  long-chain  alcohols,  where  hydroxyl  bonding  can  interlink  the 
polar  OH  groups,  and  it  has  the  somewhat  astonishing  effect  of  restrict¬ 
ing  the  evaporation  of  water  from  the  underlying  solution.  A  compressed 
film  of  octadecyl  alcohol  can  restrict  water  evaporation  from  the  surface 
to  within  2  per  cent,  of  that  of  the  free-water  surface'*^.  It  can  be  seen 
from  Text-fig.  1  that,  on  lowering  the  temperature,  an  isotherm  can  be 
obtained  in  which  a  triple  point  exists  between  solid,  liquid,  and  gaseous 
phases.  This  temperature  would  denote  a  two-dimensional  melting- 
point,  which  when  compared  to  the  three-dimensional  melting-point, 
usually  coincides  with  a  vitreous  melting-point.  With  the  alcohols  the 
two-dimensional  and  three-dimensional  melting-points  coincide^^. 

c.  Surface  Viscosity 

Owing  to  the  high  degree  of  orientation  of  the  molecules  at  an  inter¬ 
face  very  high  surface  viscosities  are  obtained  for  surface  films.  A  know¬ 
ledge  of  the  change  in  surface  viscosity  with  area  per  molecule  gives 
useful  information  on  the  structure  and  associating  properties  of  the 
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compounds  which  form  monolayers.  This  is  especially  important  for 
protein  films.  Two  standard  methods  are  used  which  give  results  for 
viscosity  changes,  but  information  on  the  absolute  viscosity  is  difficult 
to  obtain,  and  the  theory  is  still  being  developed. 

One  method  is  to  measure  the  time  necessary  to  flow  a  monolayer 
through  a  narrow  canal  under  a  weak  pressure  gradient.  A  further 
method  is  to  oscillate  a  vane  in  the  surface  and  measure  the  logarithmic 
decrement  of  the  successive  oscillation  produced  by  the  clean  surface 
and  the  surface  covered  by  the  film. 

For  very  narrow  canals  the  analogy  with  a  two-dimensional  Poise- 
nelli’s  Law  holds;  where  the  quantity  of  film  Q  passing  in  unit  time 
Q  =  Fd^j2rjl  where  rj  =  surface  viscosity,  d  =  width,  and  I  =  length 
of  canal.  If  the  surface  viscosity  17  is  plotted  against  the  area  per  mole¬ 
cule  of  the  film-forming  substance,  the  kinks  obtained  in  the  curves  are 
usually  at  the  same  area  as  shown  by  the  surface  potential  area  curves. 
The  kinks  are  apparently  at  higher  order  transformation  points,  and 
denote  reorientation  effects  in  the  molecule  on  area  change'^^’^^. 

d.  Multilayer  Formation 

Information  regarding  the  area  and  associating  properties  of  mole¬ 
cules  can  be  obtained  from  the  three  described  techniques,  but  it  is 
difficult  to  determine  the  thickness  of  the  layer  or  the  vertical  dimension 
of  the  molecule  forming  the  monolayer.  The  multilayer  technique  is  a 
simple  way  of  determining  this  factor.  If  a  shde  which  has  a  hydro- 
phobic  surface  or  is  made  hydrophobic  by  the  deposition  of  the  first 
monolayer  is  pushed  through  the  surface  of  the  aqueous  solution  upon 
which  a  monolayer  is  kept  at  constant  surface  pressure,  independent  of 
the  area  of  the  monolayer,  then  under  certain  conditions  the  monolayer 
will  be  deposited  on  to  the  slide. 

The  physical  condition  necessary  for  deposition  of  the  monolayer  is 
primarily  that  of  the  contact  angle  which  the  covered  aqueous  solution 
makes  with  the  penetrating  slide.  This  contact  angle  can  be  readily 
controlled  by  changing  the  surface  pressure  of  the  film  and  also  by  vary¬ 
ing  the  chemistry  of  the  polar  group  of  the  film-forming  molecule’^.  ^ 

The  film  can  only  be  deposited  on  the  slide  if  the  contact  angle  is 
obtuse;  in  general  at  low  surface  pressures  this  angle  is  obtuse  only  on 
the  downward  movement  of  the  slide  through  the  surface  of  the  aqueous 
solution  and  not  on  the  upward  movement.  Hence  deposition  in  this 
case  'will  occur  on  the  downward  movement  and  is  termed  X  deposition. 
At  high-surface  pressures  the  contact  angle  is  obtuse  both  on  the  down¬ 
ward  and  upward  movement  of  the  slide  through  the  surface,  the  film 
being  deposited  on  both  movements.  This  deposition  is  termed  I 
deposition.  On  repeated  movement  of  the  slide  through  the  surface  the 
films  will  be  rolled  on  to  the  surface  of  the  slide  according  to  the  above 
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conditions.  The  surface  pressure  of  the  film  on  the  aqueous  solution  is 
conveniently  kept  constant  by  so-called  piston  oils.  Lenses  of  these  oils 
such  as  oleic  acid  (30  dynes/cm.),  castor  oil  (16  dynes/cm.),  tritolyl  phos¬ 
phate  (10  dynes/cm.),  keep  a  constant  surface  pressure  with  the  film  of 
these  substances  irrespective  of  the  area  of  the  film  so  long  as  there  is 
excess  of  the  oil  on  the  surface  in  the  nature  of  a  lens.  The  depositing 
film  and  the  pressure  film  are  kept  separated  by  a  vaselined  silk  thread. 

The  molecules  in  the  consecutive  layers  will  orientate  themselves 
irrespective  of  the  method  of  deposition  into  double-layer  or  single¬ 
layer  lattices  according  to  their  crystal  structure. 

The  built-up  multilayers  are  half-way  between  an  amorphous  mass 
and  full  crystallization,  the  molecules  in  the  consecutive  layers  having 
only  one  common  axis,  that  normal  to  the  surface.  This  orientation 
holds  throughout  the  whole  thickness  of  the  multilayer,  even  up  to  a 
thousand  layers^^.  As  soon  as  the  thickness  of  the  multilayer  is  equal  to 
a  quarter  wave-length  of  light,  Newtonian  colours  set  in  when  they  are 
seen  in  polarized  light  at  a  low  angle  of  incidence.  This  is  a  convenient 
way  of  measuring  their  thickness;  the  colours  when  viewed  in  white 
light,  or  their  intensity  when  viewed  in  monochromatic  light,  are  sensi¬ 
tive  to  changes  of  only  one  molecule  in  thickness. 

Since  the  polar  groups  in  molecules  give  clusters  of  atoms  heavier 
than  the  CH2  group  at  definite  spaced  intervals,  an  X-ray  beam  will  be 
reflected  from  these  planes  as  in  a  Bragg  diagram  obtained  from  an 
ordinary  crystal.  These  main  spacings  obtained  by  permitting  a  mono¬ 
chromatic  X-ray  beam  to  travel  along  the  multilayer  at  small  angles  of 
incidence  give  the  thickness  of  the  layer  in  the  multilayer  and  the  tilt 
of  the  molecule.  Under  careful  X-ray  examination  of  a  thick  multilayer 
the  side  spacings  between  the  molecules  can  also  be  determined. 

Substances  which  do  not  crystallize  in  bulk  but  only  form  greases  can 
be  made  into  two-dimensional  crystals  as  in  monolayers.  These  mono- 
layers  after  being  built  into  multilayers  will  give  an  X-ray  diagram 
showing  all  the  atomic  spacings  in  the  molecule.  An  X-ray  diagram  of 
a  multilayer  taken  at  one  angle  of  incidence  gives  a  pattern  identical 
with  a  rotation  picture  of  the  crystal  of  the  substance. 

The  value  of  this  technique  in  determining  the  structure  of  a  non¬ 
crystallizing  substance  obtainable  only  in  minute  quantities  in  combina¬ 
tion  with  the  other  three  surface  techniques  is  considerable. 


iv.  The  Structure  of  Protein  and  Lipo-Protein  Films 
a.  Protein  Films 


It  is  an  astonishing  property  of  proteins  in  general  that  solutions  or 
solid  particles  of  them  spread  at  the  air/ water  or  oil/water  interface 
to  form  a  very  thin  film.  This  film  is  insoluble,  except  under  certain 
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conditions,  in  the  underlying  solution,  although  the  protein  itself  is  very 
soluble  in  the  underlying  solution. 

Furthermore,  these  films  upon  compression  develop  very  high  visco¬ 
sities  and  ultimately  become  so-called  two-dimensional  gels  of  varying 
rigidity  and  elasticity. 

The  suggested  explanation  for  the  formation  of  films  of  this  type  is 
that  the  globular  protein  molecule  in  solution  unfolds  at  the  interface 
owing  to  the  asymmetrical  forces.  This  permits  the  non-polar  side 
chains  to  orientate  and  associate  together  away  from  the  side  chains 
with  polar  groups,  leaving  the  backbone  composed  of  the  — CHR — 
CO — NH —  chain  separating  them. 

The  picture  created  at  the  interface  is  thus  of  a  triplex  layer  with  non¬ 
polar  chains  in  the  air  or  oil  phase,  the  backbone  chain  with  the  polar 
side  chain  drawn  into  the  aqueous  phase.  Association  by  short-range 
forces  between  these  three  groups  either  intra-  or  inter-molecularly  is 
probably  responsible  for  the  large  molecule  remaining  at  the  interface 
and  not  dissolving  away  into  the  underlying  solution. 

Adhneation  between  the  large  molecules  lying  on  the  surface  at  high 
surface  compression  is  probably  responsible  for  the  formation  of  the 
gels  and  films  of  very  high  viscosity.  As  can  be  expected,  the  rate  of 
spreading  of  proteins  and  the  properties  of  the  film  are  dependent  on 
the  hydrogen-ion  and  salt  concentration  of  the  underlying  solution  and 
on  the  chemical  nature  of  the  proteins.  But  in  general  a  film  of  a  protein 
becomes  coherent  by  surface-potential  measurements  and  exerts  a  sur¬ 
face  pressure  of  0-2  dyne/cm.  at  a  weight  of  1  mg.  per  sq.  metre. 

At  this  area  the  films  are  fluid  and  on  compression  they  gel  and  start 
showing  strains  in  the  film  in  the  form  of  striations  at  about  a  third  of 
this  area. 

This  force/area  curve  is  reversible  except  when  the  film  is  held  for 
any  length  of  time  at  high  pressures.  High  surface  pressures  force  the 
film  molecules  into  solution  again.  Whether  only  the  smaller  molecules 
in  the  film  as  breakdown  products  of  the  large  protein  molecule  or 
whether  the  whole  film  can  be  redissolved  by  these  surface  pressures  is 
still  a  matter  for  research. 

A  highly  compressed  film  showing  striations  is  completely  irrever¬ 
sible.  The  striations  are  micro-fibres,  and  they  can  actually  be  spun  off 
the  surface  of  the  water  into  insoluble  and  non-spreading  threads®. 

Proteins  from  the  solid  spread  least  of  all  at  their  iso -electric  point, 
but  a  film  spread  at  another  pH  is  quite  stable  at  its  iso-electric. 

Proteins  from  solution  only  spread  better  at  their  iso-electric  in  an 
artificial  manner,  since  in  comparison  w'ith  solutions  of  other  pHs  they 
are  least  soluble  and  the  protein  appears  at  the  surface  from  diffusion 
and  solubility  considerations  quicker  in  an  iso-electric  solution  than  in  a 
solution  in  which  they  are  readily  soluble.  It  is  possible  to  overcome 
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all  spreading  difficulties  by  dissolving  the  protein  in  suitable  salts  in  the 
presence  of  iso-propyl  alcohol.  The  salt  and  the  alcohol  spread  the  pro¬ 
tein  in  a  manner  similar  to  the  spreading  of  stearic  acid  with  benzene, 
&c.  The  association  between  the  molecules  is  broken  down  by  dispersion 
and  the  alcohol  artificially  spreads  the  molecules  by  reason  of  its  own 
spreading  forces. 

These  solutions  of  proteins  spread  to  films  independent  of  the  nature 
of  the  underlying  solution.  The  protein  molecule  at  the  interface  is 
distorted  by  reason  of  the  separation  of  the  non-polar  side  chains  from 
the  polar  side  chains.  The  continuation  of  the  fundamental  unit  of  the 
backbone  CHR — CO — NH —  is  further  complicated  by  the  presence 
of  proline  derivatives.  These  factors  would  necessitate  the  protein 
backbone  to  form  loops  instead  of  a  continuous  zigzag  or  any  of  the 
theoretical  pictures  of  the  a  and  jS  keratin  type. 

On  compression  of  the  film  these  loops  would  be  forced  out  of  the 
surface  and  are  possibly  responsible  for  the  formation  of  the  striations 
in  the  film  in  the  form  of  hydrophobic  folds.  They  are  also  responsible  for 
the  fact  that  the  repeat  unit  CHR — CO — NH  can  be  compressed  to  10 
in  the  film,  which  is  well  below  the  theoretical  area  possible  of  15-7  A^. 

Adlineation  or  disorder  of  the  long  molecules  extended  on  the  surface 
at  low  concentration  or  surface  pressures  possibly  gives  rise  to  the 
different  types  of  force  area  curves  found  by  many  workers  in  this  field. 
Indeed,  there  is  evidence  from  low-pressure  and  surface- viscosity  work 
for  these  two  types  of  films,  according  to  whether  time  is  permitted  for 
adlineation  to  take  place.  It  is  possible  by  measuring  very  low  surface- 
pressure  area  curves  to  determine  the  molecular  weight  of  the  protein 
molecules.  This  is  done  in  a  similar  manner  to  the  three-dimensional 
osmotic  pressure,  by  plotting  the  cjp  against  the  surface  concentration 
{p  =  surface  pressure)  in  highly  dilute  systems.  The  results  are  astonish¬ 
ing  in  that  they  show  that  the  surface  molecular  weights  are  similar  to  the 
bulk  molecular  weights,  in  spite  of  the  surface  denaturation^^’  The 
formation  of  gel  films  of  a  reproducible  nature  seems  to  be  the  charac¬ 
teristic  of  substances  of  high  molecular  weight  at  an  interface,  since  the 
esters  of  polysaccharides  or  synthetic  resins  form  films  very  similar  to 
the  proteins. 

An  interesting  difference  is  that  the  threads  spun  off  the  surface  of 
the  compressed  monolayer  of  a  polymer  like  polyvinylacetate  are  very 
elastic,  and  can  be  drawn  out  considerably  in  comparison  with  the  rather 
brittle  protein  threads.  This  possibly  denotes  an  inter-association  of  the 
polar  groups  in  the  protein,  which  is  absent  in  the  case  of  the  polymers. 

6.  Lipo-protein  Films 

In  view  of  the  fact  that  certain  proteins  such  as  gliadin  are  soluble 

In  proteins  can  be  dispersed  in  salts 

K 
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and  iso-propyl  alcohol  solutions,  lipoids  can  be  added  to  the  protein 
solutions.  Mixed  lipo-protein  films  can  therefore  be  prepared  with  vary¬ 
ing  proportions  of  lipoid  to  protein. 

Cholesterol  and  gliadin  mixed  films  have  been  made  in  this  manner, 
and  they  show  very  interesting  properties  in  relation  to  their  surface 
viscosity.  A  gliadin  film  on  a  buffer  solution  of  pH  7-4  becomes  coherent 
at  about  1  mg./m.^  and  commences  to  gel  strongly  at  about  16  dynes/cm. 
On  further  compression  the  gel  becomes  more  rigid  until  the  irreversible 
film  with  striations  appears. 

Incorporation  of  20  per  cent,  cholesterol  to  the  gliadin  has  a  striking 
effect  on  the  force  area  curve.  At  16  dynes/cm.  the  mixed  film  gels  as 
before,  the  gelation  becoming  more  rigid  on  compression  until  at  about 
21  dynes/cm.  the  rigid  film  suddenly  Uquefies.  This  liquefaction  on 
compression  and  sohdification  of  the  film  on  expansion  is  a  reversible 
process.  The  compressed  liquefied  film  has  all  the  properties  and 
characteristics  of  a  cholesterol  film. 

It  could  thus  be  supposed  that  at  21  dynes  the  cholesterol  molecules 
in  the  monolayer  of  protein  push  the  protein  molecules  into  the  under¬ 
lying  solution  in  the  form  of  a  double  layer.  On  release  of  the  pressure 
the  associating  short-range  forces  between  the  polar  group  and  non¬ 
polar  portion  of  the  cholesterol  molecule  and  the  similar  groups  of  the 
protein  molecule  permit  the  protein  molecule  to  penetrate  into  the 
cholesterol  upper  film  and  thus  re-estabhsh  the  mixed  monolayer. 
Other  examples  of  penetration  and  adsorption  of  molecules  into  and  on 
to  monolayers  will  be  given  in  the  next  section. 

It  has  been  shown  that  this  sudden  hquefaction  phenomenon  on  com¬ 
pression  of  a  mixed  lipo-protein  film  is  related  to  the  salt  concentration 
and  pH  of  the  underlying  solution  and  also  to  the  hpoid  protein  ratio. 
It  was  found  that  the  greatest  change  in  surface  viscosity  is  obtained 
with  a  20  per  cent,  lipoid  concentration,  which  is  similar  to  the  hpoid 
concentration  occurring  in  natural  membranes^. 

V.  Interactions  of  Monolayers  with  Substances  Injected  into 

THE  Underlying  Solution,  and  their  Biological  Analogies^* 

a.  Penetration  of  Lipoid  and  Protein  Monolayers 

Research  in  this  field  consisted  mainly  in  forming  monolayers  at 
interfaces  composed  of  substances  which  exist  in  natural  membranes, 
and  injecting  into  the  underlying  solution  substances  which  are  known 
to  react  with  these  membranes.  A  proof  of  the  analogy  with  biological 
systems  was  achieved  by  an  identity  of  the  specificity  of  the  synthetic 
and  biological  reactions. 

If  certain  soluble  capillary  active  substances  are  injected  in  minute 
concentrations  (10"‘*  per  cent.)  under  a  monolayer  kept  at  a  constant 
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area  and  there  is  association  by  short-range  forces  between  the  film- 
forining  molecules  and  the  injected  molecules,  great  changes  in  surface 
pressure,  surface  potential,  and  viscosity  of  the  monolayer  are  observed. 
Furthermore,  if  the  monolayer  is  kept  at  a  constant  pressure,  great 
changes  in  the  area  of  the  monolayer  are  observed  to  take  place. 

These  changes  are  shown  to  take  place  when  the  injected  substance 
does  not  in  itself  affect  the  free  surface  of  the  aqueous  solution  to  any 
great  extent. 

It  has  been  shown  that  this  reaction  is  very  specific,  and  is  due 
primarily  to  an  interaction  between  the  polar  groups  of  the  film- 
forming  molecule  and  the  injected  molecule  and,  further,  to  association 
between  the  non-polar  portions  of  the  two  molecules. 

The  polar  group  interaction  anchors  a  molecule  from  the  solution, 
thus  permitting  the  non-polar  portion  to  penetrate  into  the  monolayer 
if  there  is  association  between  the  non-polar  portions  of  the  molecules. 
On  penetration  of  a  monolayer,  therefore,  the  number  of  molecules  is 
increased,  and  since  the  stability  of  the  complex  is  greater  than  that  of 
either  of  the  two  components  alone,  an  equimolecular  mixed  film  will 
result,  which  will  stand  greater  surface  pressures  than  either  single 
component. 

This  explains  why  on  penetration  the  surfaee  pressure  rises  to  very 
high  values,  since  the  number  of  molecules  in  the  monolayer  has  been 
doubled  and  the  area  kept  constant.  Further,  the  surface  potential  wdll 
rise  or  fall  according  to  the  magnitude  of  the  penetrating  polar  group 
and  its  association  with  the  polar  group  of  the  film-forming  molecule. 

b.  Polar  Group  Specificity 

Excellent  examples  showing  the  specificity  in  reactions  involving 
primarily  the  polar  groups  are  given  by  the  penetration  of  cholesterol 
and  cholesterol-ester  monolayers  by  long-chain  hydrocarbon  ions^®-  39. 


If  a  cholesterol  monolayer  be  compressed  to  2  dynes/cm.  and  a  minute 
quantity  of  sodium  hexadecyl  sulphate  be  injected  into  the  underlying 
solution,  the  surface  pressure  of  the  cholesterol  monolayer  rises  within 
2  minutes  to  ca.  55  dynes/cm.;  but  if  a  film  of  cholesterol  stearate  or 
acetate  be  taken  instead,  the  surface  pressure  rises  only  slightly  above 
that  of  the  sodium  hexadecyl  sulphate  solution  alone  in  the  same  time. 

I  his  penetration  of  the  cholesterol  monolayer  was  attributed  to  a 
complex  resulting  between  cholesterol  and  sodium  hexadecyl  sulphate, 
since  a  solution  of  saponin  under  indentical  conditinns 


film  such  as  lecithin,  long-chain  alcohols,  calciferollong-crain  phenol" 
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sphingomyelin,  &c.,  with  wliich  it  is  known  not  to  make  complexes.  It 
is  further  shown  that  if  equimolecular  solutions  of  long-chain  paraffin 
ionic  compounds  of  identical  chain  length  be  injected  into  a  solution 
under  a  cholesterol  film  held  at  a  constant  area,  then  a  reactivity  series 
could  be  established  with  the  different  polar  groups  as  measured  by  the 
equihbrium  surface  pressure  of  the  cholesterol  film. 

This  series  is  the  folio wing^^,  39. 

CH3(CH,)ii- 

— NH+>— S0i->^0^>— COO->— N+Me3> 

Bile  acid  anion. 

The  long-chain  Cjg  amine  salt  penetrates  a  cholesterol  film  to  the 
extent  of  50  dynes/cm.,  and  the  bile  acid  salt  has  very  little  effect  on 
the  cholesterol  film  at  all.  The  significance  of  these  reactions  will  be 
demonstrated  in  the  examples  quoted  later  for  their  cytolytic  action. 

It  appears  that  the  attractive  and  repulsive  forces  between  polar 
groups  may  be  interpreted  upon  the  hypothesis  that  they  are  due  to 
coulomb  forces  acting  between  polar  groups  in  systems  containing  ions 
and  dipoles,  an  ion+-ion~  having  a  greater  energy  of  association  than 
an  ion-dipole,  which  again  is  greater  than  a  dipole-dipole,  and  repulsion 
taking  place  between  ions  of  like  sign.  It  is  these  forces  which  are 
responsible,  together  with  the  non-polar  associations,  for  the  physical 
state  of  mixed  films.  Mixed  films  can  be  partially  ionized  acids  or  bases 
or  two  component  systems  such  as  acids  and  bases  or  mixtures  of  these 
with  alcohols,  ethers,  esters,  &c. 

c.  Non-polar  Specificity 

The  energy  of  the  non-polar  association  depends  on  the  number  of 
CHg  groups  or  equivalent  groups  one  can  orientate  and  adhneate 
between  molecules  in  a  monolayer.  Thus,  if  16  (CHg)  groups  can  be 
orientated  opposite  one  another  in  molecules  in  a  monolayer  as  in  a 
crystal,  the  energy  of  association  is  equivalent  to  strong  polar  group 
interaction.  The  energy  of  association  is  dependent  on  the  sixth  power 
of  the  distance  separating  the  carbon  atoms,  hence  change  in  the  ad- 
lineation  due  to  stereochemical  configurations  would  have  a  very  great 
effect  on  the  association  between  the  molecules.  These  factors  are  well 
demonstrated  in  practice. 

The  penetration  of  a  monolayer  of  cholesterol  or  long-chain  paraffin 
alcohol  of  sixteen  carbon  atoms  by  the  salt  of  a  long-chain  sulphate 
is  very  different,  according  to  the  number  of  carbons  in  the  penetrating 
molecule.  Thus  it  only  requires  a  surface  pressure  of  8  dynes/cm.  to 
eject  Cjg  long-chain  sulphate  molecules  from  a  mixed  film  containing 
cholesterol,  but  already  35  dynes/cm.  is  required  to  eject  Cjs  long-chain 
sulphate  molecules.  Similarly,  great  differences  are  observed  between 
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long-chain  compounds  containing  a  double  bond  according  to  whether  the 
arrangement  is  in  the  cis  or  trans  configuration^^  The  molecules  of  the 
cis  compounds  cannot  adlineate  either  with  themselves  or  other  mole¬ 
cules  in  the  trans  configuration.  Therefore  on  compression  of  a  mixed 
film  of  a  cis  and  trans  compound  ejection  of  the  molecules  of  the  cts 
compound  will  take  place  if  the  polar  association  between  the  molecules 

is  weak. 

This  is  again  reflected  in  penetration  experiments.  Only  very  poor 
penetration  of  a  monolayer  of  molecules  in  the  trans  configuration  by 
molecules  in  the  cis  configuration  can  take  place,  and  likewise  for  the 
inverse  order. 

No  ejection  of  a  component  takes  place  in  a  mixed  film  where  strong 
association  exists.  Such  films  collapse  as  a  1 : 1  unit  at  very  high  surface 
pressures.  It  is  possible  to  apply  a  two-dimensional  phase  rule  to  mixed 
and  penetrated  monolayers. 

d.  Penetration  of  Protein  Films 

Long-chain  paraffin  ionic  salts  of  the  description  mentioned  in  this 
section  have  the  property  when  injected  into  solutions  under  protein 
films  of  hquefying  the  protein  film  and  ultimately  dispersing  it. 

This  occurs  in  very  small  concentrations;  and  the  reactivity  is  similar 
but  not  so  marked  as  the  series  quoted  for  penetration  into  cholesterol  films. 

The  explanation  given  for  this  phenomenon  is  that  the  large  protein 
molecules  are  associating  in  the  form  of  a  network  through  polar  groups 
of  the  — NH^  and  COO“  type  and  also  by  their  non-polar  side  chains. 
These  associations  will  be  broken  down  by  competition  from  the  polar 
groups  of  the  penetration  molecules.  These  smaller  units  will  be  de¬ 
terged  or  displaced  from  the  surface  by  the  injected  solution  of  the  long- 
chain  paraffin  salt,  which  usually  lowers  the  interfacial  tension  to  a 
greater  extent  than  the  protein  film.  The  bile  acid  salts  seem  to  have 
no  effect  on  protein  films  as  with  the  sterol  films,  only  associating  with 
fatty  acids. 

Penetration  of  Lipoid  Monolayers  by  Proteins^^.  An  interesting  ex¬ 
periment  is  shown  by  the  injection  of  very  dilute  protein  solutions, 
1  mg./ 150  c.  under  certain  lipoid  films,  in  which  association  between  the 
lipoid  and  the  protein  molecules  can  be  established.  As  w  ith  the  other 
penetration  experiments,  very  high  surface  pressures  are  obtained; 
these  are  much  greater  than  the  lipoid  film  itself  can  withstand.  Even 
more  astonishing  is  the  fact  that  proteins  w^hich  collapse  readily  at  16 
dynes/cm.  on  their  own,  will  penetrate  lipoid  monolayers  and  hold  surface 
pressures  as  high  as  40  dynes/cm.  The  penetration  of  cholesterol  mono- 
layers  by  proteins  takes  place  over  the  whole  range  of  pH  and  by  most 
proteins.  Lecithin  monolayers,  however,  are  not  penetrated,  except  in 
pHs  more  acid  than  3  and  more  alkaline  than  1 1 .  Cephahn  monolayers 
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are  only  penetrated  with  proteins  on  the  acid  side  of  their  isoelectric 
point,  and  not  at  high  pHs.  Likewise,  films  of  certain  phosphatidic 
acids  (such  as  Kahn  antigen)  are  only  penetrated  by  a  positively  charged 
protein  molecule,  and  only  poorly  by  this  molecule  in  alkaline  pHs. 

Penetration  of  long-chain  amine  and  substituted  amine  monolayers 
by  proteins  such  as  serum  proteins,  shows  a  puzzling  specificity.  It  is 
interesting  that  if  a  solution  of  a  pH  is  chosen  which  inhibits  a  penetra¬ 
tion  of  a  hpoid  monolayer  by  a  protein,  and  the  pH  is  changed  to  an 
associating  media,  penetration  rapidly  follows.  Ejection  of  the  protein 
molecule  takes  place  when  the  pH  is  brought  back  to  its  original  value. 
Likewise  penetration  at  constant  pressure  permits  the  protein  to  expand  the 
monolayer  to  double  its  original  area ;  this  protein  can  be  partially  ejected^a. 

e.  Adsorption  on  to  Protein  Monolayers 

Penetration  has  been  shown  to  change  the  surface  pressure  of  the 
film  and  the  surface  potential.  Adsorption,  being  primarily  an  associa¬ 
tion  of  the  polar  groups  of  the  film-forming  material  and  the  injected 
substance,  is  shown  only  by  a  change  in  the  surface  potential  and  the 
viscosity  or  rigidity  of  the  film. 

T-he  interest  of  this  technique  is  the  adsorption  of  material  on  to  pro¬ 
tein  films.  It  is  shown  that  the  chief  reacting  group  in  the  protein  mono- 
layer  is  the  free  NH+  group,  since  most  reactions  undergone  by  protein 
monolayers  are  very  similar  to  long-chain  amine  films.  The  carboxyl 
and  keto  imido  polar  groups  play  a  secondary  role  in  the  reactivity  of 
the  protein  films.  One  of  the  most  interesting  reactions  studied  is  the 
action  of  compounds  with  phenolic  groups  such  as  tannic  acid  and  p-p' 
dihydroxy  stilbenes,  &c.,  on  to  protein  monolayers.  The  reaction  is  re¬ 
lated  to  the  number  of  phenolic  groups  and  their  spacing  per  molecule 
of  adsorbing  compound. 

Thus,  gallic  acid  adsorbs  very  slowly  on  to  a  protein  monolayer,  but 
tannic  acid  in  very  dilute  concentration  immediately  reacts,  changing 
the  surface  potential  of  a  ghadin  film  from  360  to  200  mV.  This  tanned 
monolayer  loses  all  its  elasticity  and  behaves  as  a  skin  on  the  surface. 
It  is  also  interesting  that  such  a  tanned  monolayer  can  no  longer  be  dis¬ 
persed  by  long-chain  paraffin  ionic  compounds  such  as  sodium  oleate, 
as  explained  in  the  previous  section^®.  But  the  gaUic  acid-treated  protein 
film  can  be  dispersed  in  the  usual  way.  This  tanning  reaction  is  very 
sensitive  to  pH,  optimum  tanning  taking  place  between  pH  7-8 ;  very 
little  tanning  takes  place  beyond  pH  4  and  9*5®. 

It  is  supposed  that  the  multiple-point  contact  of  a  tannic  acid  mole¬ 
cule  interlaces  the  j>rotein  film  by  associating  with  the  ionized  amine 
polar  groups  in  the  film,  thus  preventing  dispersion  of  the  film  and 
giving  it  extra  rigidity. 

The  rate  of  the  reaction  is  dependent  on  the  number  of  reacting  groups 
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per  adsorbing  molecule.  A  long  hydrocarbon  chain  amine  film  is  tanned 
in  a  similar  way,  but  with  a  great  expansion  of  the  amine  film ;  this  does 

not  take  place  with  the  protein  films. 

Pyrogallol  is  not  adsorbed  by  protein  films,  but  its  polymerized  pro¬ 
duct  purpuro  gallin  is  strongly  adsorbed®. 

The  p-p'  dihydroxy  stilbene  and  related  compounds,  which  are  syn¬ 
thetic  oestrones,  behave  in  an  interesting  manner,  since  with  addition 
of  side  chains  the  adsorption  increases  markedly  per  added  CHg  group. 
The  diethyl  gives  the  maximum  adsorption,  since  any  further  addition 
of  CHg  groups  changes  the  adsorbing  molecule  into  a  protein  film  dis¬ 
persant.  It  is  interesting  that  the  biological  activity  is  at  a  peak  with 
the  maximum  adsorbing  compound.  The  dispersing  properties  of  the 
compound  coincide  w'ith  the  marked  fall  in  biological  activity. 

/.  Cytolysis  and  Agglutination 

It  was  quickly  seen  in  seeking  for  biological  analogies  between  the 
monolayer  and  biological  reactions  that  reactions  taking  place  at  cell 
surfaces  were  good  examples,  such  as  the  cytolysis  of  red  cells  and  uni¬ 
cellular  animals. 

All  compounds  examined  that  penetrate  cholesterol  monolayers  or 
disperse  protein  films  haemolyse,  and  all  compounds  that  only  adsorbed 
on  to  protein  films  without  dispersing  them  agglutinate  red  cells. 

Furthermore,  the  same  reactivity  series  for  long-chain  hydrocarbon 
compounds  in  penetrating  cholesterol  monolayers  is  very  similar  to  the 
reactivity  series  obtained  with  these  compounds  in  their  haemolytic 
activity,  as  measured  by  the  minimum  concentration  necessary  to  pro¬ 
duce  haemolysis. 

Thus,  long-chain  amines  show'ed  maximum  haemolysis  and  the  bile 
acid  salts  were  not  haemolytic  at  alF®. 

Some  of  the  unicellular  animals  such  as  Paramecia  show^ed  likewise 
a  very  similar  behaviour  to  the  red  cells;  instead  of  lysis,  lethal  activity 
as  measured  by  movement  of  the  animals  was  considered. 

They  were  killed  most  readily  by  the  long-chain  amines  and  least  by 
the  bile  acids,  and  showed  distinct  cytolysis  w^hen  dead. 

Those  substances  which  adsorbed  on  to  protein  monolayers  w'ithout 
dispersing  them  agglutinated  the  red  cells  and  killed  the  Paramecia 
without  cytolysis. 

These  substances  are  the  phenolic  compounds  as  described,  gallic  acid 
having  little  action,  but  tannic  acid  is  active  in  low  concentrations. 
Likewise,  the  p-p  dihydroxy-stilbene  derivatives  gave  very  similar 
values  as  to  their  adsorption  on  to  protein  films  and  their  lethal  action 
on  Paramecia.  The  compounds  as  described  which  showed  protein  film- 
dispersion  properties  were  haemolytic,  and  cytolysed  the  Paramecia  in 
very  low  concentrations. 
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Rotifera,  another  microscopic  animal,  seemed  to  be  immune  against 
the  substances  mentioned  here. 

In  view  of  these  results  it  could  be  supposed  that,  since  substances 
which  penetrate  cholesterol  films  and  protein  films  are  haemolytic  and 
the  substances  which  only  adsorb  on  to  protein  films  agglutinate  red 
cells,  there  must  be  cholesterol  and  protein  available  on  the  red  cell 
surface.  It  could  thus  be  imagined,  therefore,  that  the  cell  surface  was 
a  mixed  cholesterol/protein  film.  A  similar  surface  would  be  feasible 
on  these  grounds  for  the  Paramecia  coating.  The  Rotifera,  which  ap¬ 
peared  to  resist  these  substances,  must  have  another  surface,  such  as 
chi  tin,  which  would  be  unimpaired  by  the  lytic  or  adsorbing  substances 
described  here. 

Q.  Induced  Permeability  of  Cells  by  Adsorption  of  Long-chain  Compounds 

The  action  of  long-chain  compounds  in  promoting  the  lysis,  growth 
inhibition,  and  growth  acceleration  of  bacteria  and  other  cells  has  been 
correlated  with  the  oil  solubility  and  surface  activity  of  these  com¬ 
pounds.  This  correlation  between  surface  activity  and  oil  solubility  on 
the  one  hand,  and  biological  activity  on  the  other,  has  been  demon¬ 
strated  for  many  homologous  series  of  compounds,  and  as  a  rule  it  may 
be  said  that  increased  oil  solubility  and  surface  activity  are  accompanied 
by  increased  biological  activity  up  to  a  certain  optimal  point.  Beyond 
this  optimal  point  correlation  breaks  down,  and  further  increase  in  the 
oil  solubility  and  surface  activity  within  the  series  does  not  further 
enhance  the  biological  action. 

In  general,  the  action  of  these  compounds  is  accompanied  by  gross 
changes  in  the  cell  membrane,  resulting  eventually  in  the  complete  lysis 
of  the  cell.  This  lytic  action  has  tended  to  obscure  the  fact  that  the 
biological  activity  of  these  compounds  may  not  in  reality  be  due  to  their 
surface  activity  at  all,  but  rather  to  some  more  fundamental  structural 
properties  of  their  molecules — in  other  words,  the  correlation  between 
surface  activity  and  biological  activity  in  these  compounds  may  be 
completely  accidental,  and  surface  activity  may  be  in  no  real  sense  the 
cause  of  biological  activity.  This  possibility  becomes  more  obvious 
when  one  considers  the  fact  that  many  of  these  long-chain  compounds, 
especially  those  with  two  or  more  terminal  polar  groups,  have  very  little 
surface  activity,  and  yet  produce  remarkable  biological  effects,  even  at 
concentrations  of  only  a  few  y. 

It  can  be  shown  from  the  surface  chemistry  of  these  compounds  that 
orientation,  complex  formation,  association,  and  adsorption  of  the 
molecules — factors  in  no  way  related  to  their  surface  activity  or  oil 
solubility — all  play  an  important  part  in  their  biological  activity®.  From 
the  biological  point  of  view  perhaps  their  most  important  property  is 
that  of  being  adsorbed  on  to  the  cell  surface,  and  changing  the  perme- 
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ability  of  the  cell  membrane,  even  at  very  low  concentrations  and  without 
causing  any  immediate  change  in  the  in  vitro  respiration  of  the  cell. 
In  view  of  this  change  in  permeability,  the  environment  of  the  cell  whose 
reaction  to  these  compounds  is  being  tested  becomes  of  great  importance, 
and  discrepancies  between  in  vitro  and  in  vivo  tests  are  only  to  be  ex¬ 
pected.  In  fact,  the  toxic  action  may  be  due  to  the  long-chain  compound 
only  in  so  far  as  it  induces  the  permeability  of  the  cell  to  compounds 
which  normally  cannot  gain  access  to  the  cell,  or  permits  the  leakage 
away  from  the  cell  of  substances  which  cannot  diffuse  through  the  in¬ 
tact  membrane. 

Examples  for  yeast  cells  in  the  environment  of  different  organic  acids 
and  their  salts  have  been  worked  out  at  different  pHs  in  the  presence 
of  active  agents  such  as  long-chain  diamidines,  and  salts  of  methyl- 
substituted  fatty  acids.  These  compounds  are  very  active  in  inducing 
the  permeability  of  the  yeast  cells  without  effecting  their  respiration  in 
dilute  concentrations®’. 

vi.  The  Oil/Water  Interface 

а.  Crystal,  Micelle,  Swollen-micelle,  Emulsion 

A  knowledge  of  the  interactions  and  associations  molecules  may 
undergo  at  the  air/water  interface,  as  studied  by  the  Langmuir  trough, 
greatly  assists  in  interpreting  and  foretelling  how  molecules  will  inter¬ 
act,  or  associate,  at  the  oil/water  interface,  and  aggregate  at  the  micelle/ 
water  interface.  The  competing  association  of  the  oil  phase  molecules 
with  the  film-forming  molecules  brings  into  play  a  new  variant  as  com¬ 
pared  to  the  air/water  interface.  A  simple  example  of  the  significance 
of  these  oil/water  interfacial  forces  can  be  shown  by  the  behaviour  of 
long-chain  alcohols  and  fatty  acids  at  a  benzene/water  interface,  in 
comparison  to  an  air/water  interface^®.  At  an  air/water  interface,  the 
two  molecules  can  pack  to  an  area  of  approximately  20  A®,  whereas  at 
the  oil/water  interface  the  long-chain  alcohol  readily  packs  to  an  area 
of  20  A®.  The  acid  in  the  presence  of  benzene,  &c.,  packs  to  a  minimum 
area  of  40  A®.  This  shows  that  the  association  benzene/fatty  acid  is 
greater  than  fatty  acid/fatty  acid,  w'hereas  the  hydroxyl  bonding  in 
the  alcohol  enables  the  long-chain  alcohol  molecules  to  pack  with  suffi¬ 
cient  cohesion  to  resist  penetration  by  the  non-polar  solvent  molecules. 
The  laws  governing  the  packing  and  mutual  cohesion  of  the  molecules 
at  oil/water  interfaces,  together  with  penetration  of  the  non-polar  or 

polar  portion  by  oil  or  water,  control  the  whole  phenomenon  of  emul¬ 
sions. 

б.  Micelle  Formation*^ 

It  can  be  shown  in  Text-fig.  2  how  a  stabilized  droplet  of  water  in  oil 
or  oil  m  water  can  be  formed,  starting  from  a  crystal  of  soap  molecules. 
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The  inclined  bi  molecular  layers  of  soap  molecules  in  a  crystal  can  adsorb 
a  monolayer  of  water  molecules  on  each  polar  force  of  the  leaflets  and 
still  remain  a  crystal.  If  this  water-swollen  crystallite  be  heated  in 
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Text-fio.  2.  The  plienomena  of  solubilization  of  soap  crystal  lamellar  by  non-polar 
oils  and  penetration  of  the  monolayer  lattice  by  polar  oils  in  the  formation  of  micelles 

and  emulsions. 
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water  the  whole  opacpie  system  at  a  certain  temperature  (KrafFt  point) 
becomes  clear.  It  can  be  seen  from  X-ray  data  that  at  this  point  the 
molecules  can  rotate  about  their  main  axis  and  become  vertically  orien¬ 
tated,  instead  of  inchned.  This  extra  molecular  disorder  enables  the 
polar  layers  in  the  lamellar  to  separate  from  one  another  on  dilution 
of  the  soap  with  more  water.  This  is  seen  by  the  increasing  X-ray 


water 


WATER 


HYDROPHILIC 

OLEOMICELLE 


OLEOPHILIC 

HYDROMICELLE 


139 


THE  MONOLAYER  TECHNIQUE 

spacing  given  by  the  scattering  from  the  parallel -arranged  polar  sheets, 
which  are  moving  apart.  A  constant  X-ray  spacing  is  also  given  by  the 
dimension  of  the  bimolecular  leaflet.  As  the  soap  is  therefore  diluted 
(above  the  temperature  of  the  Krafft  point)  the  increasing  X-ray  spacing 
becomes  very  large,  and  finally  disa2)pears  at  a  concentration  about  ten 
times  greater  than  the  micelle-point  concentration.  The  bimolecular 
leaflet  X-rav  spacing  also  fades  out  at  about  the  same  concentration^*. 

Another  X-ray  spacing  can  be  demonstrated  in  soaj)  solutions,  which 
sets  in  at  concentrations  somewhat  greater  than  the  micelle  point.  This 
is  small  and  related  to  a  side  spacing  between  the  molecules  in  the 
monolayer  lattices  of  approximately  4-8  A.  This  single-side  S2)acing 
compares  to  the  two  side  spacings  of  about  4-2  A  and  4-5  A  found  in  the 
soap  crystal,  showing  that  at  the  Krafft  point  the  soaj)  in  micelle  form 
must  be  in  a  liquid  crystal  state,  and  that  the  molecules  in  the  micelle 
must  have  greater  order  than  in  a  liquid,  but  less  than  in  a  crystal.  This 
will  be  seen  to  be  important  in  the  formation  of  emulsions.  It  has  been 
established  by  physical  chemical  methods,  and  by  light-scattering 
methods,  that  the  micelles  in  dilute  soaj)  solutions  contain  about  80 
molecules^L  It  is  supposed  that,  on  a  concentration  increase,  the.se 
micelle  ‘  boxes’  pack  together,  producing  a  streaming  birefringent  system 
giving  the  above  X-ray  diffraction  spacings. 

In  Text-fig.  .3  it  can  be  seen  that  on  increasing  the  soap  concentration, 
the  surface  tension  falls  until  a  concentration  is  reached  at  which  the  sur¬ 
face  monolayer  is  saturated  w  ith  soap  molecules  in  equilibrium  wdth  the 
bulk  concentration  according  to  Gibbs’s  Law.  It  can  be  readily  understood 
that  on  further  increase  of  the  bulk  concentration  the  molecules  w'ould 
associate  in  the  form  of  micelles,  leaving  the  surface  concentration  or 
surface  tension  constant.  At  this  point,  therefore,  the  conductivity  and 
viscosity  of  the  soaj)  system  wdll  also  change  owing,  in  the  first  example, 
to  some  ions  of  opposite  charge  being  adsorbed  on  to  the  micelle  and 
migrating  with  the  micelle  in  an  electric  field ;  in  the  second  case  it  is 
due  to  the  formation  of  streaming  birefringent  laminated  structures  by 
the  associating  molecules. 

c.  Penetration  and  Swelling  of  the  Micelle  Monolayer  Lattices  by  Polar 
and  Non- Polar  Oils  in  Soap  Micelles 

By  a  combination  of  surface  chemical.  X-ray,  and  light -scattering 
techniques*'*,  accurate  information  can  be  obtained  as  to  how  polar  or 
non-polar  oil  molecules  can  associate  with  soap  micelles,  and  build  up 
large  aggregates.  Detailed  information  can  also  be  obtained  on  the 

structure  of  these  systems,  made  up  of  large  aggregates  of  heterogeneous 
composition. 

It  has  been  showm  in  the  section  on  film  j)enetration  that  before 
penetration  of  the  monolayer  takes  place,  strong  polar  association  is 
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necessary  between  the  polar  groups  of  the  film -forming  molecule  and 
the  molecule  m  the  underlying  solution,  together  with  a  certain  non¬ 
polar  association's.  If  the  energy  of  association  between  the  two  mole¬ 
cules  IS  greater  than  that  of  the  film-forming  molecules,  no  ejection  of 
the  penetrating  molecule  takes  place  on  compression  of  an  equimolecular 


Text-fig.  3.  Relation  between  the  structure  of  soap  solutions  and  the  surface  tension 
as  measured  by  X-ray  diffraction  measurements. 


mixed  film.  If  the  polar  association  is  weak,  ejection  of  the  penetrating 
molecule  readily  takes  place.  A  striking  similarity  can  be  seen  on  the 
addition  of  a  polar  oil  to  a  soap  solution  above  the  critical  micelle  con¬ 
centration.  If,  from  film-penetration  work,  the  polar -oil  molecule  is 
known  to  associate  with  the  soap  molecule  in  the  form  of  a  two-dimen¬ 
sional  complex,  the  polar-oil  molecule  will  penetrate  between  the  mole¬ 
cules  in  the  two  monolayers  forming  the  micelle^®.  This  doubles  the 
number  of  molecules  forming  the  micelle,  and  thus  enlarges  the  micelle 
laterally^®.  No  increase  is  obtained,  therefore,  in  the  X-ray  scattering  of 
either  the  bimolecular  leaflet  dimension  or  of  the  main  large  scattering 
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band^s-  is  Qn  the  other  hand,  the  latter  can  be  diminished  by  ejection  of 
water  between  the  micelle  since,  on  penetration,  the  mixed  monolayer 
is  usually  more  hydrophobic  in  balance  than  the  soap  monolayer  alone. 

If  there  is  no  association  between  the  polar  molecule  and  the  micelle¬ 
forming  molecule,  or  the  added  molecule  is  completely  non-polar,  no 
penetration  of  the  micelle  monolayer  takes  place.  This  results  in  a 
swelling  of  the  micelle  lamellar,  with  an  increase  in  the  large  X-ray  scat¬ 
tering  dimension.  Thus  it  is  shown  that  the  non-polar  oil  has  gone  in 
between  the  two  monolayers,  or  between  the  CH3  groups  at  the  end  of  the 
non-polar  portion  of  the  two  film-forming  molecules.  (See  Text-fig. for 
mixed  crystallite  and  oil-  and  water-swollen  lamellar  micelle.)  The  water 
molecules  which  can  swell  the  lamellar  and  increase  the  distance  between 
the  polar  portion  of  the  film-forming  molecules,  is  a  similar  occurrence. 
Typical  examples  are  shown  by  the  penetration  of  long-chain  alcohols 
into  the  monolayer  of  the  lamellar  micelle  of  the  soap,  as  compared  to 
the  swelling  of  the  lamellar  micelle  by  hydrocarbons  such  as  benzene, 
paraffins,  &c.^®’^®. 

A  more  striking  case  is  given  by  the  chlorinated  hydrocarbons.  These 
do  not  form  associations  with  carboxylic  soaps,  and  hence  can  only  swell 
the  micelle  in  the  presence  of  a  polar  oil,  which  can  penetrate  the  soap 
monolayer.  The  entry  of  the  chlorinated  hydrocarbon,  such  as  chloro¬ 
form  or  caibon  tetrachloride,  is  thus  then  permitted.  On  the  other 
hand,  chlorinated  hydrocarbons  possessing  a  labile  hydrogen  atom,  as 
in  chloroform  or  penta-chlor-ethane,  can  form  complexes  with  nitrogen 
containing  cationic  soaps,  such  as  C.T.A.B.,  long-chain  pyridinium,  or 
long-chain  amine  salts.  These  compounds  will  readily  penetrate  the 
micelle  monolayer  of  the  positive  soaps,  whereas  substances  possessing 
no  labile  hydrogen,  e.g.  carbon  tetrachloride,  cannot.  The  significance 
of  this  for  emulsion  formation  will  be  demonstrated  later^®. 


d.  Emulsion  Droplet  Formation  from  Soap  Micelle 

It  can  be  seen  that  the  soap  micelle,  both  from  the  nature  of  the 
X-ray  diffraction  patterns  and  the  fact  that  it  only  swells  in  a  very 
limited  manner  in  the  presence  of  hydrocarbons,  is  not  hquid  in  all 
directions.  It  can  be  shown  that  a  combination  of  penetration  of  the 
soap  monolayer  by  a  complex-forming  polar  oil,  and  the  swelling  of  the 
lamellar  lattice  by  a  non-polar  oil,  produces  an  aggregate  which  is  liquid 
in  all  directions.  Owing  to  the  very  low  interfacial  tension  these  liquid 
aggregates  will  be  spherical.  It  can  also  be  seen  from  Text-fig.  2  that 
the  penetrated  mixed  lamellar  can  open  out  by  occluding  either  oil  or 
water,  making  droplets  of  oil  in  water  or  water  droplets  in  oil.  Starting 
from  a  system  containing  about  equal  proportions  of  water  and  a  non¬ 
polar  oil,  and  a  concentration  of  soap  in  the  water  phase  well  above  the 
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micelle  concentration,  a  very  fine  fluid  transparent  emulsion  can  be  ob¬ 
tained  by  simply  titrating  the  disperse  system  with  a  polar  oil,  which 
must  be  able  to  form  a  complex  with  the  soap  molecules.  In  this  emul¬ 
sion  the  droplets  of  either  oil  or  water  can  be  as  small  as  molecular 
dimensions.  The  transparency  is  due  to  the  fact  that  the  droplet  dia¬ 
meters  are  below  the  1/4  wave-length  of  light  and,  as  the  droplet  diameter 
approaches  500  A,  scattering  of  a  Tyndall  type  takes  placebo.  The 
measurement  of  the  intensity  of  the  scattered  light,  as  will  be  shown 
later,  provides  a  way  of  measuring  the  size  of  the  droplets. 

As  one  may  imagine,  the  systems  made  up  of  the  lamellar  micelle  are 
streaming  birefringent,  whereas  the  penetrated  and  swollen  spherical 
micelles  give  no  birefringence  at  all,  even  with  systems  as  concentrated 
as  40  per  cent,  of  soap  in  the  w'ater  phase.  The  control  as  to  whether 
the  resultant  emulsion  system  contains  water  droplets  in  oil  or  oil  drop¬ 
lets  in  w'ater  is  governed  by  the  wettability  of  the  mixed  interfacial  film 
wdth  oil  or  water.  If  the  interfacial  film  is  more  wettable  by  water, 
water  will  be  the  continuous  phase;  and  equally,  if  it  is  more  wettable 
by  oil,  oil  wdll  be  the  continuous  phase.  The  balance  of  wettability  to 
oil  or  water,  as  wdll  be  shown  later,  is  governed  by  the  ratio  of  CHg 
groups  to  polar  groups  in  the  mixed  monolayer.  This  balance  is  ex¬ 
tremely  sensitive,  such  that  oil/water  dispersion  made  up  of  amyl  alco¬ 
hol-sodium  oleate  will  give  a  benzene/water  transparent  emulsion.  The 
system  hexyl  alcohol-sodium  oleate  gives  a  water/benzene  transparent 
emulsion  (in  high  soap  concentrations)^®. 

Determination  of  the  Size  and  Packing  of  Mixed  Monolayer  Stabilized  Oil 
or  W ater  Aggregates  by  Low-angle  X -ray  and  Light-scattering  Methods. 
X-ray  Techniques^*' 

The  X-ray  diffraction  bands  obtained  from  soap  solutions  above  the 
micelle  point  have  been  interpreted  as  Bragg  spacings,  answering  the 
formula 

nX  =  2dsin<l>. 

(X-ray  deflexion  angle  <f>  for  wave-length  A  for  the  order  n  w  here  d  is  the 
dimension  of  a  molecular  lattice  repeat  unit).  Some  doubt  can  be  ex- 
pres.sed  as  to  whether  these  results  mean  diffraction  from  lattices,  or 
possibly  diffraction  giving  the  distance  betw'een  the  centres  of  the 
aggregates  or  crystallites,  which  have  a  uniform  ordered  array.  Where 
the  micelles  have  been  liquefied  in  all  directions  by  the  penetration  of 
a  polar  oil,  and  swollen  by  a  non-polar  oil,  the  X-ray  diffraction  bands 
have  been  interpreted  as  giving  the  mean  distance  between  the  centres 
of  the  liquid  aggregates.  From  a  knowdedge  both  of  the  molecular  side 
spacings  and  of  the  area  per  double  molecule  of  the  mixed  interfacial 
film  obtained  from  surface  chemical  techniques,  a  calculated  dimension 
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of  the  diameter  of  the  oil  or  water  droplets  can  be  obtained  from  the 
simple  formula: 

^  ^  3  X  volume  dispersed  please  ^  oil  or  water  droplets, 

area  of  interfacial  film 

Further,  knowing  the  ratio  of  the  volumes  of  the  continuous  phase 
and  the  dispersed  phase,  calculations  can  be  made  on  determining  the 
distance  {g)  between  the  droplets.  If  I  is  the  average  length  of  the  soap 
molecule  in  the  mixed  interfacial  layer,  then  2r-{-2l-\-g  should  compare 
with  the  X-ray  diffraction  dimension  obtained  by  multiplying  the  Bragg 
spacing  with  a  factor  1-23,  to  compensate  for  a  liquid  as  compared  to 
a  cry.stalline  system. 

These  comparisons  have  been  made  for  both  the  oil/water  and 
water/oil  systems,  with  the  diameters  of  the  droplets  made  to  vary  by 
changing  the  soap/alcohol  concentration.  This  has  shown  that  the 
low-angle  X-ray  method  can  justify  the  concept  obtained  by  physico¬ 
chemical  knowledge  that  the  fluid  transparent  oil  and  water  dispersions, 
made  by  a  soap  and  polar-oil  complex  formation,  are  formed  of  close- 
packed  uniform  oil  or  water  droplets.  Each  droplet  is  surrounded' by 
a  mixed  monolayer  of  the  complex  soap/alcohol.  Dimensions  up  to 
800  A  for  the  diameters  of  the  spherical  micelle  have  been  measured  by 
the  low-angle  X-ray  technique.  Text-fig.  4  (no  correction  is  given  for  the 
gap  between  droplets  for  calculated  and  observed  diameters). 

In  order  to  change  the  distance  g  (the  space  between  the  droplets), 
which  can  be  calculated  from  the  geometry  of  the  system,  a  dilution 
series  of  the  droplets  in  the  disperse  or  continuous  phase  can  be  made. 
This  could  be  followed  by  the  increased  dimension  given  by  the  changing 
X-ray  diffraction  band.  The  calculated  and  observed  values  agree  well. 

Light-scattering  Techniques'^ 

It  has  been  shown  that  the  X-ray  scattering  technique  gives  informa¬ 
tion  relating  to  the  mean  distance  between  two  centres  of  the  aggregates. 
Thus,  in  order  to  determine  the  aggregate  size  by  this  technique,  they 
must  be  close-packed  and  uniform.  It  is  interesting  to  note  that  with 
the  light -scattering  technique  the  diameter  of  the  aggregates  can  be 
measured  but  not  the  distance  between  them,  and  then  only  if  the  con¬ 
centration  of  the  aggregates  is  dilute,  and  if  the  diameter  is  small  (at 
least  16  times  smaller)  in  comparison  to  the  wave-length  (A)  of  the  inci¬ 
dent  light.  The  relationships  between  the  intensities  of  the  incident 
light  (/o),  transmitted  light  (7),  and  right-angle  scattered  light  (i). 


i 
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when  the  incident  hght  is  polarized,  are  given  by: 


where  t  is  the  turbidity  per  cm.  x  or 

i  _ 

Iq  X*D'^  \nl-\-2nl} 

Rayleigh  equation. 

N  =  number  of  particles;  V  =  volume  of  droplet; 

Ui,  riz  =  refractive  index  of  each  phase; 

D  =  distance  of  observer  from  cell, 

T  3AW(, 

derived  from  the  considerations  of  Smoluchowski  and  Einstein^’. 

c  =  concentration  of  solute;  M  =  molecular  weight  solute; 

R  =  gas  constant;  B  =  co-volume  factor; 

iVo  =  Avogadro  number ;  n  =  refractive  index  solution. 

The  Rayleigh  equation  is  derived  from  the  consideration  of  the  energy 
taken  up  by  a  gas  molecule  from  the  incident  light  beam,  and  then 
scattered  in  all  directions.  The  Smoluchowski  and  Einstein  equation 
is  derived  somewhat  differently.  They  considered  that  the  intensity  of 
scattered  light  depended  on  local  concentration  and  density  fluctuations, 
in  a  solution  or  pure  liquid  respectively,  brought  about  by  thermal 
activity  in  the  solution.  Thus  the  Rayleigh  equation  can  only  be  applied 
to  comparatively  dilute  dispersions  where  the  absorption  of  light  is  very 
low  and,  if  monochromatic  visible  light  is  used,  up  to  dimensions  of 
about  400  A  diameter  of  the  particles.  The  Einstein  equation  can  be 
conveniently  applied  to  the  determination  of  the  molecular  weight,  size, 
and  shape  of  macro-molecules  or  polymers,  over  a  considerable  concen¬ 
tration  range.  In  high  protein  concentrations,  though,  deviations  from 
the  law  are  also  observed. 

The  intensity  of  the  right-angle  scattering,  in  relation  to  the  incident 
hght  intensity,  has  been  measured  for  the  transparent  oil  and  water 
disperse  systems,  and  Rayleigh’s  equations  appUed  to  the  results^"*. 
These  results  w'ere  compared  to  the  calculated  dimensions  of  the  system 
of  w^ater  droplets  surrounded  by  a  mixed  monolayer  of  p-methyl  cyclo- 
hexanol  and  potassium  oleate  in  benzene.  They  were  further  compared 
to  the  X-ray  data  on  the  diameter  of  the  water  droplets  for  the  same 
system.  It  was  found  that  Rayleigh’s  equation  gave  a  diameter  for  the 
droplets  very  close  to  the  calculated  one,  over  the  range  50  A  diameter 
to  400  A  diameter,  if  the  system  of  water  droplets  was  (hluted  progres¬ 
sively  in  the  benzene  continuous  phase  (and  the  result  taken  at  infinite 
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Text-fig.  4.  Diameter  of  droplets  calculated  from  area  of  soap  molecules  as 
established  by  surface  chemical  techniques  in  comparison  with  diameter  of  droplets 

measured  by  X-ray  diffraction. 

dilution).  This  was  necessary  to  overcome  the  difficulty  of  multiple 
light  absorption  in  the  cases  of  close-packed  spheres.  Rayleigh’s  equa¬ 
tion  gives  the  product  (NV^),  number  of  particles  multiplied  by  their 
volume  squared.  Since  the  product  NV  is  known  from  the  quantity  of 
material  in  the  incident  beam,  the  volume,  and  thereby  the  radius  of 
the  particle,  can  be  determined.  It  can  easily  be  seen  visually  that  in 
dilute  systems  where  the  droplets  are  of  the  order  of  500  A,  a  strong 
Tyndall  effect  prevents  the  application  of  the  Rayleigh  equation  for 
the  wave-length  of  visible  light. 

The^  fluid  transparent  oil/water  dispersions,  therefore,  are  excellent 
material  for  a  quantitative  investigation  by  X-ray,  surface  chemical, 
and  light -scattering  techniques  (and  possibly  electron  microscope),  of 
the  structure,  spacing,  and  dimensions  of  aggregates  over  the  range 
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50-1 ,000  A.  In  this  range  of  dimensions  the  ordinary  microscope  cannot 
assist.  The  above  techniques  have  enabled  a  detailed  investigation  to 
be  carried  out  on  the  behaviour  of  soap  micelles  during  their  penetra¬ 
tion  by  polar  oils,  their  swelling  by  non -polar  oils,  and  the  increase  in 
droplet  diameter  on  decreasing  the  monolayer  area  at  the  oil/water 
interface.  The  way  is  now  open  for  an  apphcation  of  this  work  to  bio¬ 
logical  systems,  composed  of  the  same  type  of  compounds  in  fine 
dispersion. 

Hydrophobic  and  Hydrophilic  Balance  of  Interfacial  Films  in  Relation 
to  Phase  Continuity  in  Emulsions 

There  are  three  rules  governing  phase  continuity  in  emulsions.  These 
seem  to  hold  for  all  systems  of  stabihzing  agents  and  for  different  oils. 
It  must  be  remembered  that  the  interfacial  film  counts  as  a  phase, 
besides  the  oil  and  water  phases. 

1.  If  the  interfacial  film  is  charged  by  adsorption  of  positive  or 
negative  ions,  or  consists  of  anionic  or  cationic  long-chain  hydrocarbon 
stabilizing  agents  present  in  dilute  salt  solution,  then  a  diffuse  ionic 
concentration  gradient  can  be  built  up  in  the  aqueous  phase  at  the 
interface.  This  gives  the  droplet  a  zeta  potential.  Since  the  ionic 
gradient  can  only  be  held  in  high  dielectrics,  the  charged  droplets  of  the 
same  sign  will  repel  one  another.  Under  these  conditions  it  is  necessary 
for  the  droplets  to  be  oil  and  the  continuous  phase  water.  If  this  ionic 
concentration  gradient  be  removed  by  addition  of  salts,  or  chemical 
means  such  as  the  tanning  of  cationic  soaps  with  polyphenols,  &c.,  one 
obtains  an  ion  pair  dipole  or  phenolic  amine  complex  dipole,  which 
answer  to  rule  2  or  3. 

2.  If  the  interfacial  film  of  the  stabihzing  agent,  or  agents,  be  more 
soluble  in  oil  than  in  water,  then  oil  will  be  the  continuous  phase.  This 
is  also  the  case  if  the  contact  angle  with  oil  or  water  for  a  monolayer 
of  the  stabilizing  agents  be  greater  with  oil  than  with  water  at  the  oil/ 
water  interface. 

3.  If  the  reverse  is  the  equilibrium  condition,  so  that  the  interfacial 
film  be  more  soluble  in  water,  or  the  contact  angle  made  by  such  a  film 
with  oil  and  water  at  an  oil/water  interface  be  greater  with  water  than 
with  oil,  then  water  will  be  the  continuous  phase. 

If  a  single  compound  is  used  to  stabilize  an  emulsion,  then  the  oil  or 
water  solubihty  of  that  compound  can  give  direct  information  as  to 
which  phase  will  be  the  continuous  one. 

Examples 

Interesting  examples  of  this  latter  class  are  the  non-ionogenic  com¬ 
pounds,  such  as  the  condensation  products  of  the  long-chain  alcohols  with 
ethylene  oxide^®.  In  warer-wetting  power  the  oxygen  atom  equals  three 
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CH2  groups  in  balancing  out  their  oil-wetting  power.  One  ethylene  oxide 
group  already  containing  two  CHg  groups  equals  one  CHg  group  in  the 
alcohol  radical  chain.  Thus  CH3(CH2)g0[(CH2)20]3H  will  give  water/oil 
emulsions,  and  CH3(CH2)60[(CH2)20]5H  will  give  oil/water  emulsions. 

If  two  stabilizing  agents  are  used,  one  of  which  is  an  oil-soluble  agent, 
and  the  other  a  water-soluble  agent,  the  phase  continuity  is  governed 
by  the  nature  of  the  monolayer  formed  at  the  interface.  There  are  at 
least  four  possibihties.  If  no  complex  is  formed  between  the  two  agents 
either  the  oil-soluble  or  water-soluble  component  will  sit  alone  at  the 
interface  by  displacing  the  other,  according  to  the  magnitude  of  the 
interfacial  lowering  properties  of  either  agent.  This  is  controlled  by 
their  mutual  oil  or  water  concentrations  and  their  chemistry,  which 
governs  their  mutual  adhesion  and  cohesion  to  the  oil  or  water  phase. 

If  there  is  complex  formation  between  the  two  stabilizing  agents,  it 
is  usual  for  the  equimolecular  mixed  monolayers  resulting  from  the 
association  to  be  more  stable  than  the  monolayer  of  either  of  the  two 
components  alone.  This  results  in  very  low  interfacial  tensions,  small 
droplet  size,  and  spontaneous  forming  emulsions.  The  hydrophobic/ 
hydrophihc  balance  of  the  mixed  monolayer  must  now  be  considered, 
in  order  to  establish  which  phase  will  be  continuous — similar  to  the 
considerations  given  for  the  penetrated  and  swollen  soap  micelle. 


Oleophobic  Surface^^ 

A  special  case  of  interest  is  a  surface  that  is  not  wettable  by  either 
oil  or  water.  Such  a  surface  is  obtained  by  adsorbing  long-chain  polar 
compounds  on  to  a  base  in  which  the  polar  group  adheres  strongly,  or 
where  the  polar  groups  are  bound  together  in  double  layers.  This  ad- 
lineates  the  CH2  groups  in  the  hydrocarbon  chain  in  such  a  way  that 
the  end  CH3  group  attached  to  each  chain  is  tightly  arranged  in  the 
form  of  a  crystal  monolayer  lattice.  The  CH3  surface  cannot  associate 
with  the  free  CH2  group  or  other  hydrocarbon  groups  in  any  deposited 
oil.  Contact  angles  of  42°  with  metals  coated  vith  long -chain  amines 
having  chain  length  of  at  least  (CH2)i4  have  been  obtained  with  hydro¬ 
carbon  oils«.  Any  disorder  brought  into  the  CH3  lattice  array  immediately 
permits  the  oil  to  spread,  as  on  normal  paraffin  wax. 


Intestinal  Fat  Emulsions^^ 

U  can  be  shown  that  digestion  of  a  triglyceride  such  as  triolein  by 
pancreatin  is  auto-mhibiting,  since  the  oleic  acid  produced  by  the  hydro 

fCe  fet  molecules  It  the  Ler- 

Thl  arh^^itio  ?  "i  ^  oil/water  interface. 

The  addition  of  calcium  ions  will  remove  the  soap,  permitting  digestion 

of  the  glyceride  to  recommence.  The  monoglyceride  formed  bv  the 

digestion  can  be  shown,  from  force/area  curves,  to  pack Te^  a^^  Z 
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interface,  displacing  the  triglyceride  and  oleic  acid,  thus  making  a  very 
low  interfacial  tension.  Since  the  molecule  is  oil  soluble,  however,  the 
hydrophobic/hydrophihc  balance  will  favour  the  formation  of  an  oil-con¬ 
tinuous  water  in  oil  emulsion.  Oleic  acid  formed  in  situ  at  the  interface 
will,  in  solutions  more  acid  than  pH  8-5,  also  favour  water/oil  emulsions. 
Above  pH  8*5,  where  no  hydrolysis  of  the  sodium  oleate  can  take  place, 
the  surface  will  become  negatively  charged  through  the  negative  carb¬ 
oxyl  ion,  and  the  emulsion  will  invert  to  oil/water.  Since  environ¬ 
ment  conditions  in  the  duodenum  necessitate  an  emulsion  stable  to  pH 
conditions  of  at  least  pH  6  to  8*5,  this  double  system  of  oleic  acid  mono- 
glyceride  is  therefore  not  sufficient.  It  is  known  that  oleic  acid  can  form 
a  complex  with  the  bile  salts,  such  as  sodium  taurocholate,  which  pos¬ 
sesses  a  negative  sulphonate  ion  dissociated  over  the  whole  range  of 
acid  or  alkah  solutions.  This  bile-salt  negative  ion  can,  in  acid  solution, 
be  hooked  into  the  mixed  monolayer  of  monoglyceride -oleic  acid  by 
complex  formation.  It  will  also  ionize  the  interface  in  acid  solutions, 
and  thus,  according  to  rule  1,  invert  the  emulsion  back  to  an  oil/water 
system.  The  triple  system — monoglyceride  for  interfacial  tension  lower¬ 
ing  ;  oleic  acid  for  complex  formation  in  acid  solution  with  the  bile  salt ; 
and  the  bile  salt,  producing  an  ionic  concentration  gradient  at  the  inter¬ 
face — enables  oil/ water  emulsions  to  form.  This  system  now  possesses 
all  the  criteria  necessary  to  produce  fine  oil/water  emulsions  under  the 
biological  conditions  of  the  intestine.  These  negatively  charged  emulsion 
particles,  of  ^/x  or  less,  can  now  be  made  to  migrate  under  a  membrane 
potential  negative  to  the  lumen  side,  through  a  porous  membrane,  of 
J  [x  pore  size,  under  a  concentration  gradient  Cj/Cg  of  sodium  taurocho¬ 
late.  The  mobihties  of  the  sodium  (u)  and  taurocholate  (v)  are  different 
(sodium  having  the  greater). 


Thus  the  membrane  potential  /x  = 


u—vRT.  Cl 


log-^  and  the  ratio  of 

-T  Co 


U-\-V  X-  ^2 

the  concentration  of  the  negatively  charged  oil  particles,  inside  Q  and 
outside  Cq,  of  a  membrane,  will  be  governed  by  the  expression 


n 

_  c-EfiKRTIF) 

Co 

{F  =  one  Faraday;  E  =  charge  of  particle.) 

In  this  case  charged  particles  will  be  made  to  migrate  through  the  mem¬ 
brane  against  their  own  concentration  gradient.  It  can  be  seen  from 
the  logarithmic  expression  that  small  changes  in  membrane  potential, 
or  charge  on  the  oil  droplet,  will  produce  large  changes  in  the  concen¬ 
tration  of  negatively  charged  particles  on  either  side  of  the  membrane^®. 
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CHAPTER  IV 

THE  CELL  SURFACE  AND  CELL  PHYSIOLOGY 

By  J.  F.  DANIELLI 

i.  Introduction 

IT  is  not  intended  here  to  cover  all  the  ramifications  of  this  subject, 
but  rather  to  deal  particularly  with  those  branches  in  which  there 
have  been  substantial  advances  in  the  last  twenty-five  years  (i.e.  since 
Bayhss  wrote  the  last  edition  of  his  General  Physiology)^  and  also  with 
certain  other  branches  in  which  many  of  the  preconditions  for  such  an 
advance  appear  to  exist.  During  the  course  of  this  chapter  it  will  become 
clear,  if  it  is  not  already  so,  that  there  is  a  hiatus  between  the  cell  surface 
and  the  bulk  of  the  cytoplasm  and  that  the  relationships  between  events 
occurring  in  these  two  parts  of  the  cell  are  but  httle  explored.  In  this 
respect  a  difficulty  and  gap  in  our  knowledge  occurs,  analogous  to  the 
situation  in  nerve  physiology  some  years  back,  when  it  was  known  that 
an  impulse  in  one  nerve  axon  on  reaching  a  synapse  elicited  a  response 
in  a  second  axon,  but  the  mechanism  of  transmission  across  the  synapse 
was  unknown. 

When  considering  the  cell  surface  it  is  the  region  reaching  inwards 
from  the  plasma  membrane  with  which  we  are  concerned.  Many  cells 
have  supporting  or  protecting  membranes  outside  the  plasma  mem¬ 
brane,  but  micro -dissection  has  shown  that  these  outer  membranes  are 
not  essential  for  fife,  whereas  the  plasma  membrane  cannot  be  removed, 
or  even  badly  damaged,  without  death  of  the  cell.  We  must  therefore 
regard  the  plasma  membrane  as  a  part  of  the  cell  as  essential  as,  for 
example,  the  nucleus.  Reaching  inwards  from  the  plasma  membrane 
is  a  more  or  less  narrow  band,  the  ectoplasm,  which  is  usually  gelled  and 
relatively  free  from  cytoplasmic  granules,  &c.  (Text-fig.  1 ).  In  many  ways 
this  layer  is  closely  similar  to  the  bulk  of  the  cytoplasm,  but  it  is  also 
directly  concerned  in,  for  example,  cell  division,  and  so  comes  into  the 
picture  of  the  cell  surface  also. 

ii.  Structure  and  Physical  Properties  of  the  Plasma  Membrane 
a.  Molecular  Structure 

The  great  majority  of  cells  studied  have  a  common  ground-plan  for 
the  structure  of  their  plasma  membranes  which  we  are  now  able  to 
describe,  though  our  description  is  crude  and  includes  no  detail  and  no 
consideration  of  local  aifferentiation  of  the  membrane.  In  this  group 
we  can  include  with  certainty  such  cells  as  erythrocytes,  nerve  axons. 
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muscle  fibres,  leucocytes,  yeast,  NiielUi,  many  cells  of  higher  plants,  and 
marine  ova  such  as  those  of  sea-urchins  and  starfish.  On  the  other  hand, 
permeability  measurements  suggest  that  the  sulphur  bacterium  Beg- 
giatoa  mirabilis  has  a  membrane  of  rather  different  structure.  Virus 
particles  differ  from  cells  in  having  no  plasma  membrane  and  are 


Text-fig.  1.  Diagram  of  surface  layers  of  a 
fertilized  Arbacia  egg. 

a.  Fertilization  membrane,  b.  Perivitelline 
space,  c.  Hyaline  plasma  layer,  d.  Plasma 
membrane,  e.  Gelled  cortex  or  ectoplasm. 
/.  Endoplasm. 


therefore  unable  to  control  their  internal  composition  in  the  same  way 
that  cells  do. 

The  three  fundamental  properties  of  the  membranes  of  the  main 
group  of  cells,  from  which  we  proceed  to  define  the  membrane  structure, 
are  (1)  preferential  permeabihty  to  hpoid -soluble  substances,  (2)  the 
existence  of  a  low  tension  at  the  surface,  (3)  high  electrical  resistance. 
Properties  (1)  and  (3)  indicate  that  there  must  be  a  continuous  layer  in 
the  membrane  composed  of  hpoid  molecules,  such  as  phosphatides, 
sterols,  and  fats.  Property  (2)  indicates  that  at  the  surfaces  of  the 
membrane  there  is  an  adsorbed  protein  layer.  The  arrangement  shown 
in  Text-fig.  2  is  the  simplest  possible  structure  which  can  meet  these 
essential  requirements.  It  consists  of  a  continuous  film  of  hpoid  mole¬ 
cules,  of  which  the  two  outermost  layers  are  so  orientated  that  the  hydra¬ 
ted  polar  groups  are  in  the  oil/water  interfaces,  with  a  layer  of  protein 
molecules  adsorbed  on  both  of  these  interfaces.  It  cannot  vet  be  said  to 
what  extent  the  protein  is  mechanically  superimposed  upon  the  hquid. 
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and  to  what  extent  the  surface  must  be  regarded  as  a  specific  protein- 
lipoid  complex.*  With  this  arrangement  of  molecules  the  tendency  of 
the  lipoid  molecules  to  change  their  orientation  will  be  insignificant,  and 
since  the  membrane  is  a  continuous  surface  (a  spherical  shell)  all  surface- 
tension  forces  will  balance  out  and  will  not  tend  to  disrupt  the  film. 


Text-fig.  2.  Diagram  of  molecular  structure  of  the 
plasma  membrane. 


Spherical  shell  membranes  of  this  type  can  be  made  experimentally  and 
show  considerable  stability. 

Various  other  arrangements  of  the  hpoid  molecules  in  a  continuous 
hpoid  film  are  conceivable,  all  of  which,  however,  are  less  satisfactory, 
since  they  both  tend  to  revert  to  the  type  of  Text-fig.  2,  and  also  to 
coagulate  irreversibly  the  proteins  adsorbed  upon  them.  These  cases  are 
discussed  in  detail  elsewhere  (Danielli,  1936^’). 

The  adsorbed  layers  of  protein  shown  in  Text-fig.  2  are  the  primary 
adsorbed  layers,  consisting  of  denatured  (possibly  reversibly  denatured) 
protein.  The  protein  in  these  layers  consists  of  polypeptide  chains,  or 
meshworks  of  such  chains,  lying  in  the  plane  of  the  interface,  with  the 
hydrocarbon  portions  of  the  amino-acid  residues  dissolved  in  the  lipoid 
layer  and  the  polar  groups  in  the  aqueous  phase.  There  may  be  a  further 
layer  of  globular  protein  adsorbed  on  to  this  primary  layer;  it  is  almost 
certain  that  this  will  be  so  in  all  cases  on  the  inner  (cytoplasmic)  surface 
of  the  membrane.  Since  the  adsorption  of  globular  proteins  is  readily 

*  See  Chapter  III. 
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reversible,  the  presence  of  globular  proteins  on  the  outer  surface  will 
depend  on  the  nature  of  the  bathing  fluid;  when  this  is  plasma,  cells 

usually  behave  as  though  coated  with  globulin. 

The  mechanical  properties  of  the  adsorbed  polypeptide  chains  are 
probably  largely  responsible  for  the  elasticity  and  relatively  great  me¬ 
chanical  strength  of  the  plasma  membrane.  A  single  polypeptide  chain 
may  be  50  mp  or  more  in  length  and  will  be  attached  to  similar  chains 
by  hydrogen  bonds  and  other  linkages  and  will  thus  ‘tie’  the  various 
parts  of  the  membrane  together,  but,  owing  to  the  elastic  properties 
inherent  in  such  interlinked  chains,  without  conferring  upon  the  mem¬ 
brane  an  undesired  brittleness. 

That  the  cell  surface  is  a  lipoid  layer  was  first  suggested  by  Overton, 
as  a  result  of  his  work  on  cell  permeability,  but  difficulties  in  the  inter¬ 
pretation  of  permeability  studies  soon  led  to  a  suggestion  from  Nathan- 
son  that  the  cell  membrane  is  really  a  mosaic  of  areas  of  different 
properties,  some  adapted  to  permit  passage  of  one  type  of  molecule, 
others  to  permit  passage  of  quite  different  molecular  types.  This  sug¬ 
gestion  has  fluctuated  in  popularity,  but  evidence  is  accumulating  to 
show  that  whilst  the  continuous  lipoid  layer  described  above  is  the 
basic  pattern  of  the  cell  membrane,  there  are  relatively  small  areas 
which  are  specially  differentiated,  so  that  we  are  beginning  to  adopt 
Nathanson’s  suggestion  in  a  somewhat  modified  form.  These  special 
areas  or  patches,  in  some  cases  at  least,  are  comparable  with  the  active 
patches  of  a  catalyst:  for  example,  Jacobs  and  his  colleagues  have  found 
that  certain  erythrocytes  are  abnormally  permeable  to  glycerol,  but  that 
acidity,  or  a  minute  trace  of  copper,  will  reduce  the  permeability  to  a 
value  typical  of  most  other  cells.  From  the  kinetics  of  penetration  it 
also  follows  (DaniellF^)  that  the  areas  permitting  abnormal  permeation 
are  a  small  fraction  only  of  the  total  membrane  area.  One  of  the  chief 
tasks  before  workers  on  cell  permeability  is  to  discover  the  extent, 
structure,  and  function  of  these  specialized  patches. 

A  further  counter-suggestion  to  Overton’s  hypothesis  was  that  the  cell 
membrane  is  a  molecular  sieve,  containing  water-filled  pores,  through 
which  molecules  of  diameter  less  than  the  pore  diameter  would  diffuse 
quite  readily.  For  most  cells  this  theory  is  now  discredited,  the  only 
exception  being  that  of  Beggiatoa,  for  which  diffusion  kinetics  suggest 
that  the  molecular-sieve  hypothesis  is  correct.  This,  however,  is  still  by 
no  means  certain®^. 

6.  Thickness 

The  thickness  of  the  plasma  membrane  has  been  calculated  by  four 
methods.  Gorter  and  GrendeF^  have  found  that  the  total  lipoid  ex¬ 
tractable  by  lipoid  solvents  from  the  erythrocytes  of  various  species  would 
make  a  layer  not  more  than  bimolecular  in  thickness.  Consequently,  in 
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the  case  of  the  erythrocyte  there  is  a  clearly  defined  upper  limit  to  the 
thickness  (but  not  a  lower  limit).  It  is  possible  that  Gorter’s  choice  of 
solvents  has  led  to  a  low  value,  but  not  more  than  50  per  cent.  low. 

The  second  and  third  lines  of  approach  are  from  the  impedance  of 
cell  suspensions.  Fricke^’  has  shown,  from  the  capacity  of  the  cell  mem¬ 
brane,  that  the  thickness  of  the  erythrocyte  wall  is  of  the  order  of  50  A; 
Fricke  and  Curtis  have  obtained  a  similar  value  for  polymorphonuclear 
leucocytes39  and  for  yeast  cells^s.  Cole’s  results^i-i^  with  the  eggs  of 
Arbctcia,  Ast€ri(is,  and  Hipponoc  also  give  values  of  the  same  order. 
However,  as  these  authors  have  pointed  out,  the  analysis  leading  to  this 
conclusion  is  far  from  unequivocal.  The  agreement  between  Fricke  and 
Gorter  and  Grendel  has  been  considered  to  place ,  a  satisfactory  upper 
limit  of  2—4  molecules  to  the  thickness  of  the  lipoid  layer  in  erythrocytes. 
It  is  improbable  that  the  values  obtained  for  the  other  cells  are  in  error 
by  a  factor  of  more  than  tenfold. 

From  the  resistance  of  the  cell  membrane  it  can  be  calculated  that  the 
thickness  lies  between  1  p  and  I  mp. 

The  fourth  line  of  approach  is  that  of  Schmidt  et  who  conclude 

that  the  red  cell  envelope  consists  of  a  few  layers  of  radially  orientated 
lipoid  molecules  and  a  number  of  tangentially  orientated  protein  poly¬ 
peptide  chains.  These  results  were  obtained  from  birefringence  studies. 

From  these  investigations  it  appears  improbable  that  any  cell  yet 
studied  has  a  lipoid  layer  thicker  than  10  mp. 

c.  Ionic  Character 

The  fatty  molecules  adsorbed  at  the  two  oil/water  interfaces  of  the 
membrane  are  oriented  so  that  their  polar  groups  will  be  directed,  on 
the  average,  with  the  positive  end  of  their  electrostatic  dipoles  towards 
the  oil  layer  and  with  the  negative  end  towards  the  aqueous  phase. 
Owing  to  this  orientation  of  electrical  dipoles,  ions  fix)m  the  surround¬ 
ing  aqueous  phase  will  distribute  themselves,  negative  ions  inside  the 
oil  layer  around  the  positive  ends  of  the  dipoles,  positive  ions  in  the 
aqueous  phase  around  the  negative  ends  of  the  dipoles.  Thus  there  will 
be  an  excess  of  negative  ions  inside  the  oil  layer  (Davson  and  Danielli^®). 
The  nature  of  these  ions  may  exert  an  influence  on  the  structure  and 
behaviour  of  the  membrane,  though  the  evidence  available  suggests  that 
this  influence  is  small  compared  with  that  of  the  cations  in  the  aqueous 
phase. 

In  the  aqueous  phase  will  be  certain  cations  distributed  round  the  nega¬ 
tive  ends  of  the  dipoles  of  the  polar  molecules,  and  also  other  cations 
distributed  around  the  carboxyl*  and  phosphatide*  ions  in  the  surface. 
Thus,  in  the  aqueous  phase  in  the  immediate  vicinity  of  the  cell  mem¬ 
brane  there  will  be  {a)  an  excess  of  mobile  positive  ions  over  mobile 


*  Attached  to  the  lipins  and  proteins. 
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anions  and  (6)  an  excess  of  cations  over  the  concentration  in  the  bulk 
aqueous  phase  bathing  the  cell  (Text-fig.  3).  The  thickness  of  this  region 
of  excess  ions  may  be  calculated  from  the  theory  of  Debye  and  HuckeP 
(1923).  At  20°  C.  in  solutions  of  uni-univalent  salts  the  thickness  is 

.  3-1x10-8 

8  =  —^  cm. 

For  (7  =  0-1  molar,  8  =  0-98  m/x,  and  for  C  =  0-0001,  S  =  31  m/x. 
Thus  in  dilute  solution  this  region  of  excess  ions  may  be  as  thick  or 
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Text-fig.  3.  Diagram  of  electrical  structure  of  the  plasma  membrane. 


thicker  than  the  hpoid  layer  itself.  The  concentration  of  the  various 
ions  at  the  surface  of  the  cell  may  be  calculated  from  the  Gibbs-Donnan 
equihbrium  (Danielli^8’25j  qj.  from  the  electrokinetic  potential  (Hartley 
and  Roe^^).  At  the  surfaces  of  most  cells  the  ratio,  average  concentra¬ 
tion  of  univalent  cations  in  surface  layer :  concentration  of  cations  in 
normal  environment,  hes  between  1  - 1  and  5.  Since  this  applies  to  hydro¬ 
gen  ions  as  well  as  K+,  Na+,  &c.,  the  pH  at  the  surface  of  a  cell  is  usually 
between  0-1  and  0-7  pH  units  different  from  that  of  the  medium.  The 
inverse  rule  appUes  to  mobile  anions;  there  will  be  a  deficiency  of  mobile 
anions  in  the  aqueous  layer  adjacent  to  the  membrane,  so  that  the  ratio, 
average  concentration  of  univalent  anions  in  surface :  average  concen¬ 
tration  of  anions  in  normal  medium,  lies  between  1/1-1  and  1/5. 

It  is  theoretically  possible  that  locally  the  excess  of  cations  in  the 
surface  may  exceed  the  values  indicated  by  the  ratios  just  given.  In 
artificial  systems  values  as  high  as  200  have  been  found  for  this  ratio 
(Webb  and  DanieUi*^).  Wilbrandt^oo  has  pointed  out  that  when  divalent 
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ions  are  considered  the  excess  concentration  in  the  surface  becomes  even 
more  marked,  for  it  follows  from  the  Gibbs-Donnan  equilibrium  that 
the  relationship  between  the  univalent  and  divalent  ion  concentrations 
is  that 

if*  [Najgm^^g 

[N^Jbulk 

then  [^^Lurface  _  2 

[C^Jbulk 

Hence  the  ratios  for  calcium  concentrations  for  cells  in  their  normal 
environment  lie  between  1*P  and  5^,  or,  i.e.  between  1-2  and  25,  accord¬ 
ing  to  the  cell.  Webb  and  DanieUi®^  showed  that  the  surface  excess  of 
total  calcium  in  the  surface  may  exceed  the  values  calculated  in  this 
way,  for  the  calculation  just  given  refers  to  ionic  calcium  only,  and  in 
addition  calcium  may  be  held  in  a  surface  in  an  apparently  non -ionic 
form.  Owing  to  the  operation  of  these  two  factors  it  is  found  that  at 
the  surface  of  most  cells,  when  the  external  medium  contains  ions  giving 
a  Na:  Ca  ratio  of  about  100:1,  the  calculated  ratio  in  the  surface  may 
be  roughly  1 : 1  (Danielli^^).  This  may  be  a  very  important  fact,  for  the 
w’ork  of  Ringer,  Loeb,  and  many  others  has  shown  that  for  a  cell  to 
behave  normally  it  must  be  bathed  by  a  solution  containing  a  Na :  Ca 
ratio  of  the  order  of  100.  Usually  a  type  of  cellular  behaviour  dependent 
on  the  cell  surface  is  at  one  extreme  in  solutions  containing  NaCl  only, 
at  another  extreme  in  CaClg,  and  a  balance  between  the  two  is  achieved 
when  Na :  Ca  —  100.  It  now  seems  possible'  that  the  reason  for  this  value 
for  the  bulk  ratio  is  that  this  bulk  ratio  is  what  is  necessary  to  give  a 
ratio  of  c.  1  in  the  surface,  where  the  balancing  action  has  to  Occur.  It 
is  quite  impossible  for  one  Ca  ion  to  counterbalance  100  Na  ions,  but 
when  the  ratio  is  near  to  unity  this  difficulty  vanishes.  Some  caution 
must  be  observed  in  using  this  theory,  for  at  present  the  evidence  that 
the  surface  ratio  is  close  to  unity  is  indirect,  based  on  calculations  and 
not  direct  experimental  evidence. 

d.  Lysis 

There  are  innumerable  ways  in  which  lysis  may  be  brought  about. 
Many  lytic  agents  cannot  penetrate  the  cell  membrane,  so  that,  with 
such  agents,  lysis  must  be  the  result  of  direct  action  upon  the  cell  mem¬ 
brane.  In  these  cases,  as  Davson^®  suggests,  we  are  carrying  out  a  par¬ 
tially  controlled  degradation  of  the  cell  membrane,  somewhat  analogous 
to  degradative  analysis  in  organic  chemistry.  The  most  significant  types 
of  lysis,  from  our  present  point  of  view,  are  produced  by  {a)  antibodies, 
(6)  polyhydroxylic  phenols,  (c)  heavy  metals,  {d)  lipoid  solvents,  (e)  leci- 
thinase,  (/)  digitonin,  {g)  sodium  or  potassium  salts  of  fatty  acids  and 
paraffin  sulphonates  C^H2„+iS04Na.  The  first  tw^o  of  these  reagents 
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probably  act  almost  exclusively  on  the  protein  part  of  the  mei^rane 
and  the  latter  four  mainly  on  the  hpoid  part  of  the  membrane.  Heavy 
metals  probably  act  on  both  lipoids  and  on  pioteins. 

Antisera  to  cells  will  contain  antibodies  to  the  adsorbed  protein  on 
the  cell  surface,  and  it  is  presumably  to  these  that  the  lytic  action  is 
due,  as  it  is  very  doubtful  whether  antisera  to  hpoids  can  be  made. 
The  antibodies,  by  combining  with  the  membrane  proteins,  will  break 
down  other  complexes  existing  between  the  protein  and  the  membrane 
Hpoid  molecules,  and  so  produce  a  general  disruption  of  structure.  The 
polymerized  polyhydroxylic  phenols  exert  a  tanning  action  on  protein 
films  (Schulman  and  RideaP^)  and  consequently  will  also  disrupt  the 
structure  in  much  the  same  way.  The  simple  polyhydroxyHc  phenols 
may  act  in  a  similar  way  (Davson  and  Danielli^^),  but  it  is  difficult  in 
such  cases  to  be  sure  that  the  lytic  action  is  not  due  to  the  slow  forma¬ 
tion  of  polymers.  The  lytic  action  of  these  two  types  of  substances  which 
attack  protein  primarily  shows  the  great  importance  of  the  primary 
adsorbed  protein  layer. 

Heavy  metals  probably  act  by  combining  with  the  carboxyl  and 
phosphate  groups  of  the  proteins  and  lipoids,  to  give  non-ionic  com¬ 
pounds,  and  probably  also  causing  closer  packing  of  certain  types  of 
molecules  than  is  normal.  It  is  most  interesting  in  this  connexion  that 
Jones®^  has  found  that  the  toxic  action  of  the  heavy  metals  is  pro¬ 
portional  to  their  solution  pressure,  i.e.  the  more  readily  a  metal  forms 
unionized  complexes  with  anions,  the  greater  is  the  toxic  action  of  the 
metal. 

Of  the  remaining  lytic  agents,  lipoid  solvents  probably  act  by  dis¬ 
solving  in  the  lipoid  layer  and  breaking  down  its  structure  by  solvent 
action;  lecithinase  by  converting  lecithin  into  lysolecithin  (which  is  it¬ 
self  lytic);  digitonin  by  forming  a  complex  with  the  membrane  sterols; 
and  the  salts  of  fatty  acids  and  paraffin  sulphonic  acids  by  forming 
complexes  with  the  sterols,  &c.,  though  it  is  possible  that  they  also  react 
with  the  protein  layer.  Schulman,  Rideal,  and  their  colleagues  have 
shown  that  reactions  of  the  last  three  types  will  all  occur  in  monolayers. 

Thus  the  action  of  these  reagents  for  lipoids  shows  that  the  lipoid  part 
of  the  membrane  must  also  retain  its  normal  structure  within  compara¬ 
tively  narrow  limits,  if  the  membrane  is  to  remain  stable. 

e.  Surface  Tension  and  Elastic  Properties 

The  surface  tension  of  cells,  more  properly  called  the  tension  at  the 
surface,  has  frequently  been  invoked  to  explain  cell  division.  The  ten¬ 
sion  at  the  surface  is  defined  as  the  sum  of  the  elastic  tensions  and  sur¬ 
face  tensions  of  the  plasma  membrane.  There  are  two  ways  in  which 
surface  tension  may  affect  cell  division,  {a)  A  belt  of  the  surface  in  the 
cleavage  plane  of  a  cell  may  have  its  surface  tension  raised;  the  result 
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would  be  that  the  inwardly  directed  pressure  in  the  vicinity  of  the 
cleavage  plane  would  exceed  that  elsewhere,  so  that  cleavage  would 
occur  if  the  rise  in  tension  were  sufficient.  But  it  is  very  difficult  to 
believe  that  this  can  occur.  In  the  first  place,  during  cleavage  the  corti¬ 
cal  gel  layer  in  many  species  has  marked  rigidity,  so  that  a  very  con¬ 
siderable  rise  in  tension  would  be  required  to  cut  through  the  cortex. 
In  the  second  place,  local  differences  of  tension  in  an  area  less  than  1  sq. 
cm.  vanish  in  a  fraction  of  a  second,  whereas  cleavage  may  take  many 
minutes,  so  that  for  division  to  result  from  local  tension  changes  it 
would  be  necessary  to  provide  for  continuous  localized  production  of 
a  substance  capable  of  raising  the  tension  at  a  lipo/protein  surface  by 
many  dynes;  there  are  many  reasons  for  regarding  this  as  improbable. 
Thirdly,  the  cell  contains,  and  is  usually  bathed  by  fluids  containing, 
many  substances  of  great  surface  activity  which  should  prevent  such 
rises  in  tension  occurring.  (6)  Alternatively,  division  may  occur  if  the 
cell  w'ere  elongated,  by,  for  example,  growth  of  the  spindle,  to  a  length 
7r(3-14)  times  the  diameter  of  the  cell,  since  such  a  cylinder  divides  spon¬ 
taneously,  without  any  local  changes  in  tension  being  necessary.  But 
Table  I  shows  that  in  fact  cells  divide  long  before  they  have  elongated 
to  this  extent,  so  that  this  alternative  can  be  immediately  discarded. 


Table  I.  The  ratio  of  the  long  axis  {1)  to  the  short  axis  (6)  at  the  time  of 
initiation  of  the  cleavage  furrow  in  various  cells.  Spontaneous  division 

would  occur  if  Ijb  >  tt. 


Cell 

l/b 

Authority 

Egg  of  Echinus  esculentus  in  sea-water 

1-5 

Gray  (1924)“^ 

Ditto  in  Ca-free  sea- water  .... 

1-9 

Gray  (1924)«2 

Egg  of  Arhacia  punctulata  .... 

1-4 

Just  (1939)82 

Cell  from  choroid  of  chick’s  embryo  . 

2-0 

Strangeways  (1922)®* 

Spermatocytes  of  Hemiptera  .... 

1-35 

Bowen  (1920)^ 

Further  light  has  been  throwm  on  this  problem  by  direct  measure¬ 
ments  of  the  tension  at  the  surface  of  cells.  Early  attempts  at  such 
measurements  were  invalidated  by  experimental  errors,  and  the  suc¬ 
cessful  techniques  are  mainly  due  to  E.  N.  Harvey,  K.  S.  Cole,  and 
their  colleagues.  Many  techniques  have  been  used,*  of  which  the  centri¬ 
fuge  method,  the  compression  method,  and  the  kinetic  method  are 
typical.  The  centrifuge  method  may,  for  example,  be  applied  to  marine 
eggs  in  which,  under  centrifugal  force,  a  stratification  of  the  cell  con¬ 
tents  occurs,  the  lighter  parts  moving  to  the  centripetal  end  of  the  egg 
and  the  heavier  parts  to  the  centrifugal  end.  When  the  separation  has 
occurred  the  difference  in  density  betw  een  the  two  ends  of  the  egg  gives 


*  See  review,  Harv'ey  and  Danielli^®. 
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rise  in  a  centrifugal  field  to  forces  elongating  the  egg  into  a  cylinder, 
which  divides  into  halves  when  its  length  exceeds  77  times  its  diameter. 
Then,  knowing  the  minimum  centrifugal  force  necessary  to  obtain  sum- 
cient  elongation  and  the  density  difference  between  the  two  halves,  we 
can  calculate  the  force  required  to  elongate  the  egg,  and  equate  this  to 
the  tension  round  the  circumference  of  the  elongated  cylinder.  For  the 
unfertilized  Arbacia  egg  the  tension  at  the  surface  found  by  this  method 
is  0-2  dynes/cm.,  an  extremely  low  value  (Harvey'*®). 

Cole*®  compressed  Arbacia  eggs  with  a  minute  gold  beam.  From  the 
pressure  exerted  by  the  beam  he  was  able  to  calculate  the  internal  pres¬ 
sure  of  the  egg  (due  to  the  surface  tension)  and  from  this  to  calculate  the 
surface  tension.  He  obtained  a  value  of  0*08  dynes/cm.  for  the  uncom¬ 
pressed  egg  by  extrapolation  of  the  tension-compression  curve  to  zero 
pressure.  The  membrane  was  definitely  elastic.  Harvey  and  Danielli 
studied  some  of  the  types  of  surface  systems  which  might  occur  in  the 
plasma  membrane,  finding  that  all  surfaces  containing  protein,  and  only 
surfaces  containing  protein,  have  elastic  properties.  Cole’s  demonstra¬ 
tion  of  elasticity  in  the  plasma  membrane  may  therefore  be  regarded  as 
supporting  the  view  that  protein  is  adsorbed  on  the  cell  surface. 

Sichel  and  Burton®'*  showed  that  the  tension  at  the  surface  of  the 
blastomeres  formed  by  the  first  cleavage  of  Arbacia  eggs  has  a  similar 
value,  0*09  dynes/cm.  They  followed  the  cleavage  of  the  egg  until  the 
blastomeres  were  connected  by  a  small  stalk  only,  then  punctured  one 
of  the  blastomeres  and  took  moving  pictures  of  the  decrease  in  volume 
of  the  other  blastomere  as  its  contents  discharged  through  the  stalk. 
From  the  rate  of  discharge,  assuming  Poiseuille’s  law’  held,  the  excess 
pressure  inside  the  egg,  due  to  surface  tension,  w’as  calculated;  from 
this  pressure  the  surface  tension  was  derived.  Evidence  was  also  found 
of  elastic  properties  of  the  cell  surface  which  may,  however,  in  these 
measurements  be  due  to  other  causes. 

Another  method,  from  Harvey’s  laboratory,  is  to  stretch  a  cell  be¬ 
tween  two  micro -needles  and  calculate  the  tension  from  the  force  neces¬ 
sary  to  obtain  a  given  degree  of  elongation  of  the  cell.  Norris®®  obtained 
values  of  the  tension  of  the  surface  of  c.  O-l  dynes/cm.  for  Arbacia  eggs 
and  of  less  than  0*1  dynes/cm.  for  erythrocytes. 

Results  for  a  number  of  different  cells  are  shown  in  Table  II.  The 
tension  at  the  surface  is  always  low’er  than  2-0  dynes  and  often  less  than 
0-2  dynes/cm.  These  low  tensions  seemed  at  first  incompatible  with  the 
view  that  the  cell  membrane  is  a  thin  lipoid  layer,  as  natural  lipoids 
have  much  higher  tensions  against  sea-water  than,  for  example,  the 
O'l  dynes  per  cm.  found  for  Arbacia  eggs  (actually  0’05  dynes  at  each 
side  of  the  membrane).  However,  Harvey  and  Shapiro®®  showed  that 
intracellular  oil  droplets  in  fish  eggs  also  had  very  low  surface  tensions 
and  had  elastic  surfaces — as  has  been  more  recently  shown  for  oil 
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droplets  in  Amoeba  proteus  and  in  eggs  of  the  fresh-water  crustacean 
Daphnia  pulex  (Harvey  and  Schoepfle52)_and  Danielh  and  Harvey27 
showed  that  the  substances  responsible  are  proteins,  which  by  adsorp¬ 
tion  on  the  hpoid  surfaces  both  reduce  the  tension  at  the  surface  to 
extremely  low  values  and  also  render  the  surface  elastic. 

It  will  be  seen  that  these  studies  of  the  tension  at  the  cell  surface  have 

been  most  useful  in  developing  our  knowledge  of  the  structure  of  the 
cell  membrane. 


Table  II.  The  tension  at  the  suvface  of  vavious  cells 


Cell 

Tension 

dynesjcm. 

Authority 

Arbacia  punctulata:  egg 

0-2 

Harvey,  1932^* 

0-08 

Cole,  193210 

009 

Sichel  and  Burton,  1936®! 

01 

Norris,  1939*® 

Triturus  pyrrhogaster :  erythrocyte 

01 

Norris,  1939®® 

Amoeba  dubia  .... 

1-3 

Harvey  and  Marsland,  1932®! 

Physarum  polycephalum 

0-45 

Vexler,  1935*® 

Rabbit  macrophage  . 

20 

Shapiro  and  Harvey,  1936*® 

Frog  leucocytes 

1-3 

Shapiro  and  Harvey,  1936*® 

Busicon  caniculatum :  egg  . 

0-5 

Harvey  and  Fankhauser,  1933“ 

Triturus  viridescena :  egg 

01 

Harvey  and  Fankhauser,  1933“ 

f.  Wetting  Properties 

Some  very  interesting  results  have  been  obtained  by  endeavouring 
to  cause  oil  to  coalesce  with  the  cell  membrane.  Mudd  and  Mudd’®’®® 
investigated  the  ease  wdth  which  various  types  of  cell  are  wetted  by, 
and  coalesce  wdth,  a  film  of  oil  advancing  between  a  cover-shp  and 
shde.  Erythrocytes  were  readily  wetted  by  the  oil,  but  leucocytes  have 
a  hydrophilic  surface,  and  when  engulfed  by  an  advancing  film  of  oil 
retain  a  thin  layer  of  saline  between  the  cell  membrane  and  the  oil. 
An  oil  droplet  in  sahne  is  readily  wetted  by  such  a  film  of  oil,  but  if 
protein  is  added  to  the  saline  the  surface  of  the  droplet  becomes  hydro¬ 
philic  and  such  a  droplet  behaves  hke  a  leucocyte.  Consequently  Mudd 
and  Mudd  suggested  that  leucocytes  are  coated  with  protein,  whereas 
erythrocytes  have  a  surface  layer  of  lipoid  material.  From  what  we 
now  know  of  proteins  at  the  oil/water  interface  it  can  be  said  that  the 
surfaces  of  both  cells  are  probably  coated  with  protein,  but  that,  w'hile 
the  outermost  layer  at  the  surface  of  leucocytes  is  a  strong  elastic  gel 
layer,  probably  serum  globuhn,  the  layer  at  the  surface  of  erythrocytes 
is  probably  a  weakly  elastic  or  liquid  layer,  possibly  of  serum  albumin, 
which  is  known  to  form  comparatively  fragile  films.  In  this  connexion  it 
is  interesting  to  find  that  Ponder  and  Furchgott®’  have  found  that  main¬ 
tenance  of  the  discoid  form  of  the  mammahan  erythrocyte  is  connected 
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with  the  adsorption  of  a  crystallizable  fraction  of  the  serum  albumin 
upon  the  erythrocyte.  Reversible  disk/sphere  changes  occur,  according 
to  whether  this  albumen  is,  or  is  not,  present  in  the  fluid  bathing  the 
erythrocyte. 

Dawson  and  Belkin’^  found  that  a  globule  of  oil  readily  adheres  to 
the  surface  of  Amoeba  dubia,  forming  a  cap  (Text-flg.  4).  The  cap  is 
not  drawn  into  the  interior  of  the  cell.  Marsland®®  used  this  technique  to 


Oil 

Oil  cap  on  an  Amoeba  Oil  droplet  on  Arbacia  egg  membrane 

Final  position  Initial  position 

Text-fig.  4.  Diagrams  illustrating  the  behaviour  of  oil  droplets 
brought  into  contact  with  the  cell  surface.  The  arrows  indicate  the 
internally  directed  force  in  the  droplets  due  to  interfacial  tension. 

investigate  the  site  of  narcosis  by  paraffin  oils.  The  oils  were  diluted  in 
olive  oil  and  the  solutions  either  injected  into  the  interior  of  an  Amoeba 
or  fixed  on  its  surface  as  a  cap.  At  a  sufficient  dilution  of  paraffin  with 
olive  oil  the  injected  droplets  had  no  harmful  effects  on  the  Amoebae, 
but  the  caps  still  caused  clearly  defined  narcosis.  It  seems  beyond  doubt 
that  the  site  of  narcosis  in  this  instance  is  the  cell  membrane  and  that 
the  paraffin  dissolves  in  the  lipoid  layer  of  the  surface,  as  other  lipoid 
solvents  do.  Chambers®  and  Kopac  and  Chambers*®  have  obtained 
equally  convincing  evidence  with  naked  Arbacia  eggs  from  which  the 
pellicle  has  been  removed.  Here  an  applied  droplet  of  a  suitable  oil 
‘snaps  in’  when  applied  to  the  surface,  making  a  flattened  surface  of 
contact  on  the  inside  of  the  cell  membrane,  and  lifting  the  membrane  off 
the  granular  cytoplasm.  By  directing  a  stream  of  water  from  a  micro-* 
pipette  against  the  cell  surface  the  membrane  can  be  made  to  flow,  and 
if  two  such  ‘snapped  in’  droplets  are  adhering  to  the  membrane,  they 
can  be  seen  to  move  relative  to  one  another.  It  seems  incontestable 
that  the  plasma  membrane  of  Arbacia  eggs  is  fatty  or  lipoid  in  composi¬ 
tion  and,  moreover,  is  liquid. 

The  difference  between  Aynoeba  dubia  and  the  egg  of  Arbacia  seems 
to  depend  upon  whether  the  ectoplasmic  or  cortical  layer,  underlying 
the  plasma  membrane,  is  a  gel  or  not.  If  it  is  a  rigid  gel,  capping  occurs. 
If  it  is  liquid  or  a  weak  gel,  penetration  occurs,  owing  to  the  surface 
tension  outside  the  membrane  being  greater  than  that  inside  the  cell. 
The  surface  tension  is  lower  inside  owing  to  the  high  concentration  of 
proteins.  With  Arbacia  penetration  occurs,  for  example,  onlv  if  the 
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interfacial  tension  of  the  penetrating  oil  is  greater  than  about  9*5 
dynes/cm.  Thus,  on  touching  the  cell  surface  in  protein-free  sea-water 
the  surface  tension  at  the  outer  surface  of  the  oil  drop  is  about  9-5 
dynes/cm.,  whereas  adjacent  to  the  ectoplasm  it  is  about  0-05  dynes. 
Hence  the  internal  pressure  of  the  droplet  due  to  the  external  interfacial 
tension  will  be,  for  a  drop  of  5/a  in  radius,  about  4  x  10^  dynes/cm. 2,  and 
the  interfacial  pressure  due  to  the  side  adjacent  to  the  ectoplasm  is  only 
2x  102  dynes/cm. 2  This  difference  in  pressure  literally  forces  the  drop 
through  the  plasma  membrane.  The  critical  tension  of  9-5  dynes,  giving 
a  pressure  of  4x  10^  dynes/cm.,  probably  represents  the  pressure  neces¬ 
sary  to  deform  the  cortical  gel,  lift  the  plasma  membrane  off  the  gel,  and 
permit  entry  of  the  droplet.  If  the  sea-water  contains  protein  it  adsorbs 
on  the  oil,  the  surface  tension  is  reduced,  and  penetration  cannot  occur. 

These  experiments  of  Kopac  and  Chambers  are  particularly  valuable, 
since  they  give  that  direct  proof  of  the  existence  of  a  hpoid  layer  at  the 
cell  surface  in  one  case  which  many  investigators  have  regarded  as  so 
essential.  Many  lines  of  indirect  evidence  have  pointed  to  this  con¬ 
clusion  for  many  different  types  of  cell.  This  direct  proof  for  the  Arbacia 
egg  enables  us  to  utilize  the  indirect  evidence  available  with  other  cells 
with  much  more  confidence  than  would  otherwise  be  the  case. 


I 


g.  Permeability 

In  considering  the  permeability  of  the  cell  surface  we  must  initially 
divide  the  field  into  two  sections,  the  first  dealing  with  thermal  diffusion 
which  involves  no  expenditure  of  energy  by  the  cell,  the  second  dealing 
with  assisted  diffusion,  or  secretion,  in  which  substances  are  redistributed 
wholly  or  partly  as  a  result  of  cellular  activity  involving  the  utilization 
of  energy.  The  first  section  can  now  be  dealt  with  quantitatively,  to  a 
first  approximation,  but  secretion  is  a  field  in  which  we  are  ignorant, 
even  of  the  outline  of  the  processes  involved. 

The  permeability  of  cells  to  non -electrolytes  is  a  function  of  the 
character  both  of  the  cell  membrane  and  of  the  penetrating  molecule. 
The  more  important  molecular  characteristics  involved  are  molecular 
weight  and  diameter  and  the  nature,  polar  or  non-polar,  of  the  indi¬ 
vidual  groups  of  the  molecule.  It  is  the  balance  between  polar  and  non¬ 
polar  groups  which  determines  the  oil/water  partition  coefficient  of  a 
molecule.  Overton,  in  the  last  decade  of  the  nineteenth  century,  found 
that  permeability  was  a  function  of  the  oil/water  partition  coefficient 
of  the  penetrating  molecules,  so  that  molecules  with  a  high  oil/water 
partition  coefficient  are  able  to  penetrate  more  rapidly  than  molecules 
with  a  small  partition  coefficient.  This  led  Overton  to  suggest  that  the 
cell  membrane  is  a  thin  hpoid  layer,  and  although  many  alternative 
hypotheses  have  been  considered,  for  the  great  majority  of  cells  for 
which  we  have  experimental  results  this  theory  of  Overton  s  is  un- 
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doubtedly  correct.  A  possible  exception  is  Beggiatoa  mirabilis,  the 
membrane  of  which  may  be  a  molecular  sieve  containing  little  lipoid. 
But,  as  has  been  remarked  above,  special  areas  of  certain  cells  are 
differentiated  to  permit  penetration  of  certain  particular  molecules,  so 
that  the  lipoid  layer  is  certainly  not  in  all  cases  a  complete  homogeneous 
layer.  Table  III  shows  the  permeability  of  the  membranes  of  different 
cells  to  ethylene  glycol,  glycerol,  and  erythritol,  compared  with  the 
permeabihty  of  a  roughly  equal  thickness  (5  mfx)  of  water.  For  such 
molecules  the  permeability  of  the  cell  membrane  is  at  least  10^  times 
less  than  the  permeability  of  the  same  thickness  of  water.  Very  few 
physiologically  important  substances  have  a  permeability  greater  tlian 
10~®  of  that  of  the  water  layer,  significant  exceptions  being  oxygen  and 
carbon  dioxide.  It  is  most  remarkable  that  a  membrane  only  5  mp.  in 
thickness  should  be  able  to  bring  about  this  reduction  in  diffusivity. 
It  has  been  calculated  (Danielli^®)  that  a  hundredfold  increase  in  thick¬ 
ness  would  make  comparatively  little  difference  to  the  permeability  of 
the  cell  membrane  to  many  molecules,  such  as  glycerol  and  glucose;  the 
optimum  efficiency  is  secured  by  a  layer  only  a  few  molecules  thick,  and 
further  increase  in  thickness  would  be  a  comparatively  expensive  luxury. 


Table  III.  Calculated  permeability  of  a  thin  oil  layer  and  experimental 
values  of  the  permeability  of  some  cells.  Permeability  in  inols./sec.jp-  per 
mol.  per  litre  co7icentration  difference,  x  10^® 


5  niji  water, 
viscositu 
=  001 
poise 

5  mp  oil, 
viscosity 
=  103 
poise 

Ox 

erythro¬ 

cyte 

Arhacia 

pgg 

Char  a 

cerato- 

phylla 

Plagio- 
theci urn 
denticu- 
latxim 

Fi/laiella 

litoralis 

Ethylene 

glycol 

1-7  X  lO® 

01 

0-2 

0-73 

1-2 

0-03 

0-1 

Glycerol 

1-4  X  10* 

0-002 

0-002 

0-005 

0-02 

0-0003 

0-002 

Erythritol 

1-2  X  10* 

0-00005 

0-001 

0-00007 

0-0001 

Table  III  also  shows  that  there  is  a  considerable  degree  of  specificity, 
different  cells  having  different  permeabilities  to  the  same  molecule. 

Experimental  results  with  ions  show  that  here,  also,  there  is  con¬ 
siderable  variation  from  cell  to  cell,  and  even  in  the  cases  of  greatest 
permeability  to  ions  the  cell  membrane  still  reduces  the  permeability  to 
a  value  not  more  than  IQ-s  of  that  of  a  water  layer  of  the  same  thickness. 
Generally  speaking,  the  smaller,  i.e.  the  less  hydrated,  an  ion  the  more 
readily  it  penetrates  the  cell  membrane.  Maizels’o  has  shown  that  the 
permeability  of  erythrocytes  to  different  anions  is  NO3  >  Cl  >  acetate  > 
oxalate  >  sulphate  >  citrate:  this  is  the  order  of  increasing  hydration. 
With  regard  to  cations,  it  is  known  that  with  most  cells  the  small  ions 
potassium,  rubidium,  and  caesium  can  penetrate  much  more  rapidly 
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than  the  large  ions  lithium  and  sodium.  Davson^®  has  shown  that  simi¬ 
lar  considerations  come  into  play  when  simultaneous  diffusion  of  both 
anions  and  cations  is  studied.*  With  regard  to  specificity:  it  is  generally 
considered  that  erythrocytes  are  much  more  permeable  to  anions  than 
to  cations,  and  that  most  other  cells,  including  muscle  and  nerve  cells, 
are  more  permeable  to  potassium  than  to  anions.  In  the  view  of  the 
present  writer,  however,  it  is  probable  that  most  cells  will  be  found  to 
be  comparatively  readily  permeable  to  small  anions  such  as  Cl",  and  that 
in  addition  many  cells  are  also  permeable  to  potassium  and  to  a  much 
less  extent  to  sodium;  the  failure  to  observe  anion  permeabihty  with, 
for  example,  muscle  cells,  in  the  case  of  ions  such  as  C1-,  is  probably 
due  to  the  equilibrium  conditions  determining  the  amount  of  Cl"  in  the 
muscle  cell  being  such  as  to  practically  exclude  01“  from  the  interior  of 
the  cell.  This  view  is  supported  by  the  fact  that  phosphate  penetrates 
muscle  fibres  quite  readily. 

There  is  little  doubt  that  many  of  the  more  important  facts  about 
permeabihty  and  secretion  of  ions  remain  to  be  discovered.  This  pro¬ 
cess  will  be  assisted  by  the  use  of  isotopes,  with  the  aid  of  which  it  is 
possible  to  study  the  gross  transfers  of  ions  from  one  side  of  a  membrane 
to  another,  and  so  determine  the  actual  rate  of  movement  of  the  different 
ionic  species.  The  net  transfer  of  ions  is  the  most  that  can  be  deter¬ 
mined  without  the  use  of  isotopes.  However,  it  is  important  to  note 
that  the  most  important  recent  individual  advance  in  our  knowledge  of 
ionic  movements,  due  to  Harris  and  to  Maizels,  was  achieved  without 
the  use  of  isotopes.  By  the  ingenious  control  of  experimental  conditions 
these  workers  have  demonstrated  that  movements  of  sodium  and  potas¬ 
sium  into  and  out  of  the  human  red  cell  are  to  a  large  degree  dependent 
upon  glucose  metabohsm,  that  sodium  is  actively  extruded  from  red 
cells,  and  potassium  may  perhaps  be  taken  up  by  an  active  process. 

When  we  turn  to  large  molecules,  such  as  proteins,  sterols,  and  neutral 
fats,  we  find  that  in  many  cases  penetration  of  the  cell  membrane  does 
occur,  but  calculations  show  that  penetration  cannot  occur  by  thermal 
diffusion  (Danielli^').  One  can  only  conclude  that  such  molecules  enter 
the  cell  through  specially  differentiated  areas,  by  special  mechanisms, 
of  which  we  are  at  present  ignorant.  A  detailed  review'  of  the  perme¬ 
abihty  of  cells  to  ions  and  molecules  is  given  by  Davson  and  Danielh^h 

The  temperature  coefficient  of  penetration  of  most  molecules  and  ions 
is  of  the  order  of  2  or  more  per  10°  C.  rise  in  temperature.  As  diffusion 
in  water  has  a  Qiq  of  1*2  to  1*4,  these  large  Q^q  values  were  at  one  time 
supposed  to  be  due  to  transport  across  the  cell  membrane  being  depen¬ 
dent  upon  the  mediation  of  a  chemical  reaction.  We  know  now',  how  ¬ 
ever,  that  these  large  values  may  arise  in  simple  diffusion  processes : 

*  There  is  evidence  that  the  results  in  such  cases  are  complicated  by  the  pheno¬ 
menon  of  ‘anomalous’  osmosis. 
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where  diffusion  is  fast,  the  resistance  to  diffusion  is  small  and  the  is 
small.  Where  diffusion  is  slow,  the  resistance  to  diffusion,  is  large  and 
the  ^10  is  large.  These  conclusions  follow  from  a  simple  consideration 
of  diffusion  kinetics.  The  study  of  the  kinetics  of  diffusion  across  a  thin 
hpoid  layer  has  shown  that  in  all  qualitative  and  in  many  quantitative 
aspects  thermal  diffusion  is  able  to  account  for  the  various  rates  of 
penetration  of  different  molecules,  and  that  only  where  penetration  is 
shown  to  be  associated  with  the  utilization  of  energy  by  the  cell  need 
special  chemical  reactions  be  invoked.  From  these  studies  of  diffusion 
kinetics  it  has  been  found  possible  to  calculate  the  approximate  perme- 
abihty  of  a  thin  hpoid  layer.  Some  results  of  such  calculations  are  shown 
in  Table  III  for  glycol,  glycerol,  and  erythritol.  The  order  of  magnitude 
agrees  well  with  that  found  for  living  cells. 

The  cell  membrane  presents  three  sites  of  resistance  to  free  diffusion; 
(1)  the  membrane/ water  interface,  for  diffusion  from  water  to  mem¬ 
brane;  (2)  the  membrane/water  interface,  for  diffusion  from  the  mem¬ 
brane  into  water;  (3)  the  interior  of  the  membrane.  Every  molecule 
penetrating  into  the  interior  of  the  cell  has  to  pass  through  these  three 
sites  of  resistance.  A  molecule  with  polar  groups  in  it,  e.g.  hydroxyl  (OH) 
groups,  as  opposed  to,  for  example,  non-polar  groups  such  as  methylene 
(CH2),  forms  at  least  one  hydrogen  bond  with  water  for  each  polar 
group.  All  these  hydrogen  bonds  must  be  broken  simultaneously  if 
a  molecule  is  to  penetrate  into  the  (lipoid)  membrane,  since  otherwise 
the  molecule  is  not  free  to  diffuse  into  the  lipoid  layer.  Thus  glycerol, 
having  three  OH  groups,  must  acquire  sufficient  kinetic  energy  to  break 
three  hydrogen  bonds  simultaneously  before  it  can  penetrate  into  the 
membrane.  This  involves  a  large  amount  of  energy;  consequently  re¬ 
sistance  (1)  is  so  high  for  glycerol  that  resistances  (2)  and  (3)  are  dwarfed 
into  insignificance.  On  the  other  hand,  a  molecule  hke  methyl  alcohol, 
having  one  OH  group  and  one  CHg  group,  can  easily  penetrate  into  the 
membrane  and  can  also  easily  pass  out  of  the  lipoid  layer  into  water. 
Thus  we  find  that  for  such  molecules  the  rate  of  diffusion  across  the 
interfaces  is  large  compared  with  the  rate  of  diffusion  across  the  mem¬ 
brane,  i.e.  the  viscous  resistance  (3)  of  the  interior  of  the  membrane  is  the 
most  important  factor  in  controlling  penetration.  Differing  from  both 
of  these  examples  are  predominantly  hydrocarbon  molecules,  such  as 
carotene,  C4QH5g.  For  such  a  molecule  resistance  (1)  is  insignificant,  for 
the  molecule  has  no  polar  group,  and  even  resistance  (3)  is  not  enormous, 
but  resistance  (2)  is  very  large  indeed.  This  is  because  hydrocarbon 
groups  are  hydrophobic  and  a  considerable  amount  of  kinetic  energy  is 
required  to  transfer  a  CHg  group  from  Hpoid  into  water:  when  many 
such  groups  are  present  they  must  all  be  transferred  simultaneously  from 
the  Hpoid  layer  into  water,  since  otherwise  the  molecule  remains  substan¬ 
tially  part  of  the  Hpoid  layer  and  cannot  diffuse  away  into  the  aqueous 
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phase.  So  when  a  molecule  contains  many  non-polar  groups  resistance 
(2)  becomes  of  major  importance.  With  these  examples  in  mind  we  can 
classify  penetrating  molecules  into  four  groups: 

(а)  Molecules  having  few  polar  and  few  non-polar  groups:  for  these 
resistance  (3)  is  most  important;  they  usually  penetrate  compara¬ 
tively  rapidly,  e.g.  oxygen,  methyl  alcohol. 

(б)  Molecules  having  a  predominantly  polar  character:  resistance 
(J)  is  most  important;  penetration  is  slow,  e.g.  glycerol,  sugars, 
glycogen. 

(c)  Molecules  having  few  polar  and  many  non-polar  groups :  resistance 
(2)  is  the  most  important;  penetration  is  slow,  e.g.  carotene,  vita¬ 
min  A,  cholesterol,  fats. 

(c?)  Molecules  having  many  polar  and  many  non-polar  groups:  re¬ 
sistances  (1)  and  (2)  are  both  important;  penetration  is  slow,  e.g. 
poly  hydroxy  lie  bile  acids,  the  glucuronide  of  oestrin,  proteins. 

These  relationships  between  different  molecular  species  and  the  cell 
membrane  are  of  great  importance,  both  for  the  life  of  a  single  cell  and 
for  the  life  of  the  larger  organisms.  Let  us  consider  just  a  few  of  these 
applications.  Oxygen  is  required  in  large  amounts  by  the  cell,  and  CO2 
must  be  disposed  of  rapidly.  These  substances  penetrate  the  cell 
membrane  rapidly.  On  the  other  hand,  the  first  products  of  glucose 
utihzation  by,  for  example,  a  contracting  muscle  cell,  such  as  glycerol 
derivatives,  are  valuable:  the  cell  membrane  does  not  allow  these  to  escape. 
But  during  sustained  work  lactic  acid  is  formed:  this  would  be  toxic  if 
allowed  to  accumulate,  but  the  cell  membrane  is  comparatively  perme¬ 
able  to  lactate,  so  that  lactic  acid  can  escape  into  the  blood.  This  allows 
violent  exercise  to  be  maintained  for  a  period  perhaps  50  per  cent, 
longer  than  would  be  the  case  if  the  cell  membrane  were  impermeable 
to  lactic  acid.  Turning  then  to  substances  to  which  the  cell  membrane 
is  impermeable,  we  find  the  problem  of  storage  of  vital  materials  is 
solved  by  the  utihzation  of  the  properties  of  certain  types  of  molecules — 
amino-acids  are  stored  as  protein,  fatty  acids  as  neutral  fat,  and  sugar 
as  glycogen;  in  each  case,  as  a  result  of  polymerization,  a  substance  is 
formed  which  cannot  penetrate  the  cell  membrane.  An  alternative  use 
of  inability  to  penetrate  the  cell  membrane  is  seen  in  detoxication 
mechanisms,  in  which  toxic  substances  are  conjugated  with  amino- 
acids,  or  with  sulphuric  acid  or  glucuronic  acid,  so  that  a  toxic  cell- 
penetrating  substance  such  as  brombenzene  or  menthol  is  converted 
into  a  new  molecule  which  cannot  penetrate  into  cells  and  which,  once 
reaching  the  blood-stream,  is  bound  to  be  filtered  off  by  the  glomerulus 
of  the  kidney,  and  will  not  be  resorbed  from  the  urine  in  the  tubules 
unless  it  happens  to  fit  into  the  rather  specific  secretory  mechanism  of 
the  tubules.  Thus  by  conjugation  with  a  molecule  such  as  glucuronic 
acid  two  objects  are  secured  simultaneously:  (a)  the  toxic  substance  is 
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prevented  from  penetrating  into  cells,  and  (6)  its  excretion  in  the  urine 

is  secured.  .  , 

Turning  now  to  consider  very  briefly  the  problems  of  secretion,  it  is 

possible  that  at  least  two  seats  of  activity  can  be  distinguished,  the  cell 
surface  and  the  cell  interior.  Many  theoretical  proposals  have  been  put 
forward,  involving  one  or  both  of  these  sites,  by  which  molecules  such 
as  sugar  and  ions  such  as  amino-acids  and  potassium  may  be  moved 
against  a  concentration  gradient.  But  the  most  that  can  be  said  for 
these  proposals  is  that  whilst  they  are  theoretically  possible,  very  few 
of  the  assumptions  have  yet  been  subjected  to  experimental  examina¬ 
tion.  Experimental  work  on  the  mechanism  of  secretion  is  scanty  and 
mostly  of  two  types,  either  exploration  of  the  mechanical  factors  in¬ 
volved  or  the  use  of  enzyme  poisons  to  see  how  the  source  of  energy 
may  be  cut  off.  As  an  example  of  the  first  type  we  may  consider  the 
contractile  vacuole:  it  is  possible  that  all  the  w'ork  is  being  done  during 
the  swelling  phase  of  the  vacuole,  in  which  unwanted  substances  are 
collected  from  the  cytoplasm  and  separated  from  other  cytoplasmic 
constituents.  Ejection  of  fluid  may  result  mechanically  from  the  vacuole 
coming  into  contact  with  the  plasma  membrane;  since  the  vacuole  has 
a  higher  curvature  than  the  plasma  membrane  it  will  have  a  higher 
internal  pressure  than  the  rest  of  the  cytoplasm  if  both  membranes  have 
the  same  tension  at  the  surface;  consequently,  if  the  vacuole  membrane 
fuses  at  any  point  with  the  cell  membrane  and  the  cell  membrane  cannot 
achieve  the  same  curvature  as  the  vacuole  membrane,  the  excess  in¬ 
ternal  pressure  will  force  the  vacuole  contents  out  into  the  medium, 
just  as,  in  the  case  discussed  under  ‘Wetting  Properties’,  an  oil  drop  of 
sufficiently  high  surface  tension  may  be  forced  into  the  interior  of  a  cell. 
Enzyme  poisons  such  as  cyanide,  fluoride,  iodoacetate,  and  phloridzin 
are  frequently  used  in  the  study  of  secretion,  with  the  object  of  finding 
the  particular  enzyme  systems  concerned.  But  at  present  it  is  very 
difficult  to  avoid  the  argument  that  such  poisons  may  block  secretion  by 
interfering  with  the  metabolism  at  a  point  far  removed  from  the  secre¬ 
tory  apparatus.  By  analogy  one  may  consider  the  investigation  of  the 
process  by  which  an  electric  lamp  produces  light;  one  may  cut  off  the 
light  by  dropping  a  bomb  on  the  power  station  or  by  removing  the  fila¬ 
ment  from  the  lamp.  At  present  we  can  only  drop  the  bomb,  whereas 
what  we  need  to  do  is  to  examine  the  filament. 

h.  The  Ectoplasmic  Layer 

In  his  book  on  the  cell  surface  Jiist®^  gives  a  stimulating  account 
of  much  of  what  is  known  of  the  ectoplasm  of  the  cell.  Although  this  is 
achieved  at  the  expense  of  largely  ignoring  the  cell  membrane.  Just  has 
performed  a  timely  service  in  his  discussion  of  a  field  that  has  of  recent 
years  been  somewhat  neglected.  By  the  ectoplasm  we  refer  to  the 
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cytoplasmic  region  lying  immediately  inside  the  plasma  membrane.  Its 
most  prominent  characteristics  are  its  gelled  condition  and  its  relative 
freedom  from  the  various  cytoplasmic  formed  bodies  which  constitute 
a  large  part  of  the  more  fluid,  more  central  endoplasmic  region.  The 
ectoplasm  is  not  to  be  confused  with  other  gel-like  structures  outside 
the  plasma  membrane:  these  can  usually  be  washed  away,  or  dissected 
away,  without  grave  consequences.  The  ectoplasm,  on  the  other  hand, 
is  an  essential  part  of  the  cytoplasm,  and  its  partial  differentiation  from 
the  endoplasm  is  partly  due  to  the  presence  of  the  plasma  membrane. 
In  most  cells  the  ectoplasm  or  cortex  is  a  relatively  rigid  gel  and  is  com¬ 
paratively  clear.  It  may  be  liquefled  reversibly.  For  example,  Heilbrunn 
and  Daughertyss  found  that  K+  decreases  the  viscosity,  or  rather  rigid¬ 
ity,  of  the  ectoplasm  of  Amoebae  and  at  the  same  time  increases  the 
viscosity  of  the  endoplasm.  The  reverse  action  is  found  with  Ca'*’^ 
and  Mg++.  These  observations  suggest  that  partly  releases  a  gel- 
forming  substance  from  the  cortex  and  that  the  divalent  ions  cause  it 
to  be  more  concentrated  in  the  cortex.  Heilbrunn  believes  the  sub¬ 
stance  involved  is  ionic  calcium.  It  seems  more  probable  to  the 
present  writer  that  the  action  of  the  ions  is  to  lower  (in  the  case  of 
K+)  or  raise  (in  the  case  of  Ca++)  the  value  of  the  resting  potential 
across  the  plasma  membrane,  and  that  this  decreases  or  increases  the 
rigidity  of  the  gel  by  decreasing  or  increasing  the  orienting  action  of  the 
cell  membrane  on  the  myosin-type  molecules  involved  in  gel  formation. 
Marsland  and  Brown’^  found  that  high  hydrostatic  pressure  will  also 
reversibly  liquefy  the  ectoplasmic  gel.  Just  suggests  that  this  clear  gel 
is  substantially  identical  with  the  clear  ground-substance  of  the  endo¬ 
plasm,  the  differences  in  physical  properties  and  behaviour  being  com¬ 
paratively  minor.  This  suggestion  seems  quite  plausible  when  it  is 
remembered  that  the  endoplasm  also  is  the  site  of  continuous  gel  sol 
changes,  and  it  is  possible  that  the  main  distinction  between  the  ecto¬ 
plasm  and  the  endoplasmic  ground-substance  hes  in  the  locahzation  of 
more  gel-forming  material  in  the  ectoplasm — a  locahzation  .which  may 
be  due  entirely  to  the  cell  membrane.  This  continuity  of  structure  is 
rendered  the  more  probable  by  the  absence  of  any  clear  division  between 
ectoplasm  and  endoplasm:  the  two  appear  to  merge  in  most  cells  by 
quite  imperceptible  stages,  the  gel  simply  becoming  weaker  at  greater 
distances  from  the  cell  membrane. 

Sol  ^  gel  transformations  in  the  ectoplasm  are  most  important  in 
amoeboid  activity,  in  cell  division,  and  probably  in  protoplasmic  stream¬ 
ing.  It  is  also  possible  that  the  formation  of  connective  tissue  fibres, 
cartilage,  and  bone  is  an  activity  of  the  ectoplasm.*  The  intercellular 


*  X-ray  studies  (see  review,  Picken®®)  show  that  many  tissue  fibres  consist  of 
parallel  cross-linked  polypeptide  chains.  Astbury  has  shown  that  somewhat 
similar  fibres  may  be  made  artificially  from  protein  monolayers.  Hence  it  is  worth 
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,  and  believed  to  occur  in  animal  tissues, 
The  fine  tentacles  and  filaments  thrown 
ells  ow'e  their  stabiUty  to  the  rigidity  of 
the  Tctoplasm.  The  ceaseless^streaming  movements  of  the  plasma  mem¬ 
brane,  so  beautifuUy  shown  by  Chambers’s  films  of  marine  ova,  may  be 
due  to  the  movements  of  the  ectoplasm.  Just  suggests  that  muscle  cells 
consist  mainly  of  ectoplasm  and  that  it  is  to  this  that  muscle  owes  its 
high  contractile  power.  IVIirsky’®,  from  studies  on  isolated  myosm,  has 
concluded  that  the  myosin  in  muscle  must  be  in  a  gelled  condition. 

Various  types  of  further  differentiation  of  the  ectoplasm  are  found  in 
special  cases;  for  example,  the  brush  border  of  intestinal  cells,  fiagella, 
ciha,  contractile  vacuoles,  &c.  Wherever  visible  movements  occur,  the 
ectoplasmic  gel,  or  some  analogous  gelled  structure,  such  as  the  mitotic 
spindle,  is  involved.  How  far  the  organized  molecular  movements  in¬ 
volved  in  secretion  are  made  possible  by  gel  structures  remains  to  be 
seen. 

i.  The  Physiological  Response  to  a  Stimulus 

The  cell  membrane  is  not  merely  a  boundary  between  the  cytoplasm 
and  the  environment  and  a  convenient  support  to  some  enzyme  systems. 
It  is  also  the  receptor  system  for  all  stimuli  which  are  not  in  the  form 
of  radiant  energy,  coming  from  the  environment  or  from  other  cells 
(really  also  part  of  the  environment).  It  is  also  the  nearest  point  of  ap¬ 
proach  to  other  cells,  so  that  it  is  from  the  cell  membrane  that  stimuU 
are  given  out  to  other  cells.  At,  for  example,  a  synaptic  junction  of  two 
nerves  it  is  the  adjacency  of  the  membranes  of  two  nerve  cells,  the 
property  of  one  membrane  to  emit  acetylchohne  and  of  the  other 
membrane  to  respond  to  acetylcholine,  which  enables  a  stimulus  to  be 
conveyed  from  one  cell  to  the  next.  The  nature  of  the  response  to  a 
stimulus  is  therefore  a  matter  of  great  importance.  R.  S.  Lillie®^’®’  has 
discussed  the  possibility  that  the  initial  response  to  a  stimulus  is  an 
increase  in  permeabihty,  applying  this  theory  very  widely,  from  the 
response  of  a  nerve  to  electrical  excitation  to  the  response  of  an  egg  to 
sperm  entry.  In  the  case  of  nerve,  Lilhe’s  theory  is  now  known  to  be 
substantially  correct.  There  is  a  potential  difference  between  the  two 
sides  of  a  resting  nerve  membrane — the  resting  potential — which  may 
be  reduced  by  an  artificial  potential  difference  applied  in  the  opposite 
direction.  According  to  Lillie’s  theory,  when  this  reduction  is  sufficiently 
substantial  the  permeabihty  of  the  nerve  membrane  is  increased;  adja¬ 
cent  charged  regions  of  the  membrane  are  then  able  to  discharge  through 
the  more  permeable  area,  as  a  result  of  which  the  newly  discharged 
region  becomes  more  permeable;  thus  a  region  still  farther  away  from 

considering  whether  these  fibres  are  not  spun  off  from  the  adsorbed  film  of  protein 
present  at  the  surface  of  cells. 


bridges  known  to  occur  in  plants 
are  probably  mainly  ectoplasm, 
from  the  surfaces  of  many  c 
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the  initial  point  of  discharge  is  enabled  to  discharge  through  this  newly 
permeable  region.  This  process,  under  appropriate  conditions,  should 
continue  indefinitely,  each  region  losing  its  charge  by  discharge  through 
a  more  permeable  region  slightly  nearer  to  the  site  of  the  initial  stimulus. 
So  the  response  to  a  stimulus  consists  in  a  discharge  of  the  resting  po¬ 
tential  followed  by  an  increase  in  permeabifity:  the  conduction  of  an 
impulse  consists  of  a  wave  of  discharge,  followed  by  a  wave  of  increased 
permeabifity.  And  the  recovery  process,  from  the  physical  point  of  view, 
consists  in  the  restoration  of  the  membrane  potential  and  permeabifity 
to  their  initial  values.  That  discharge  of  the  resting  potential  does  ac- 
company  transmission  of  the  impulse  was,  of  course,  known  for  many 
years,  and  was  one  of  the  main  facts  on  which  Lillie  based  his  theory. 

^  •  Hill  and  his  colleagues  measured  the  heat  evolution  accompanying 
transmission  of  the  impulse,  finding  it  to  be  so  very  low  that  it  is  hardly 
possible  for  the  impulse  to  involve  more  than  a  minor  physical  change 
in  the  membrane.*  Hodgkin^®  was  able  to  demonstrate  that  the  local 
electrical  currents  postulated  by  Lillie’s  discharging  process  do  actually 
exist,  and  Cole  and  Curtis^^  have  shown  that  a  large  increase  in  per¬ 
meability  does  follow  closely  the  discharge  of  the  resting  potential.  On 
the  other  hand,  even  after  the  increase  in  permeabifity  has  reached  its 
maximum,  the  nerve  membrane  retains  a  very  considerable  resistance, 
so  that  only  minor  changes  in  structure  can  have  occurred. 

Thus  far,  attempts  to  understand  the  detailed  molecular  mechanism 
of  the  conduction  of  the  nerve  impulse  have  been  few,  and  the  only 
mechanism  so  far  suggested  which  is  compatible  with  other  knowledge 
of  the  cell  surface  is  that  of  Danielli,  who  suggests  that  the  permeabifity 
changes  are  due  to  changes  of  state  in  the  lipoid  layers  of  the  plasma 
membrane.  These  changes  of  state  are  attributed  to  the  changes  in  the 
electrical  potential  gradient  across  the  membrane.  The  theory  appears 
to  be  compatible  qualitatively  wfith  all  the  available  facts  about  the 
conduction  of  electrical  impulses,  and  has  not  yet  been  studied  quantita¬ 
tively.  A  factor  which  remains  to  be  considered  in  this,  as  in  many  other 
fields,  is  the  possibility  that  the  membrane  structure  may  be  sufficiently 
organized  for  some  of  the  electrons  of  the  molecules  concerned  to  occupy 
levels  characteristic  of  the  membrane  as  a  whole.  If  this  is  so,  the  mem¬ 
brane  must  to  some  degree  be  a  conductor  for  electrons.  Originally  this 
type  of  view  was  stiggevsted  by  Szent-Gyorgi  as  a  possible  approach  to 
the  problem  of  muscular  contraction,  but  it  clearly  may  be  of  interest 
in  many  fields,  including  the  properties  of  the  cell  surface. 

Turning  to  the  other  e.xtrerne,  the  response  of  eggs  to  activation, 
Lillie  was  able  to  show  that  following  activation,  either  by  sperm  or  by 
parthenogenic  reagents,  Arbacia  eggs  show  an  increase  in  permeabifity 

*  The  rocovory  lient,  evolv'od  long  after  the  impulse  has  passed,  is  much  larger 
and  does  inv'olve  chemical  processes. 
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to  water.  On  the  other  hand,  Shapiro,  for  example,  has  shown  that 
fertiUzation  causes  very  httle  change  in  the  permeability  of  Chaetopterus 
eggs,  and  Lillie  found  no  change  in  the  permeability  of  Asterias  eggs 
after  fertilization,  so  that  if  a  permeabihty  change  is  really  responsible 
for  initiating  development,  it  must  be  comparatively  transient.  But 
Gray  has  pointed  out  that  in  artificial  parthenogenesis  it  may  be  neces¬ 
sary  to  expose  the  egg  to  the  activating  agent  for  a  considerable  period, 
so  that  it  may  be  necessary  to  maintain  a  condition  of  increased  perme¬ 
ability  for  much  longer  than  is  the  case  with  nerve  and  muscle  for  the 
stimulus  to  be  effective.  Lillie’s  theory,  in  its  more  extreme  forms,  must 
probably  be  rejected,  in  so  far  that  stimulation  of  the  ectoplasm  may 
probably  occur  without  a  change  in  permeability,  but  in  considering  the 
immediate  response  of  a  cell  to  most  forms  of  stimulation  the  evidence 
strongly  favours  his  view  that  a  change  in  permeabihty  is  of  funda¬ 
mental  importance.  Consequently  one  of  the  great  problems  confronting 
those  who  work  on  the  cell  surface  is  to  discover  the  molecular  mechan¬ 
ism  whereby  these  reversible  changes  in  permeability  may  occur. 

Heilbrunn®'^  has  advanced  a  second  theory  of  some  importance,  not 
necessarily  in  contradiction  with  that  of  Lillie,  but  rather  intended  to 
show  how  the  stimulus,  once  received  by  the  cell  surface,  causes  a  re¬ 
sponse  which,  as  in  the  case  of  the  muscle  fibre,  may  involve  the  bulk 
of  the  cytoplasm.  According  to  Heilbrunn,  a  stimulus  causes  release  of 
calcium  ions  which  had  hitherto  been  bound  to  the  proteins  and  lipoids 
of  the  cell  surface  or  the  cortical  gel  layer,  and  this  released  calcium 
initiates  the  further  activity  of  the  cytoplasm.  Heilbrunn  and  his  col¬ 
leagues,  particularly  Mazia,  have  brought  together  a  considerable  mass 
of  evidence  to  show  that  there  is  an  increase  in  the  ionic  (ultra-filterable) 
calcium  after  stimulation.  Unfortunately  it  is  extremely  difficult  experi¬ 
mentally  to  distinguish  between  calcium  released  in  immediate  response 
to  a  stimulus,  and  calcium  released  as  a  result  of  activity  initiated  directly 
by  the  stimulus  without  the  intervention  of  calcium  ions.  However,  it 
seems  far  more  probable,  to  the  present  writer,  that  calcium  is  released 
rather  late  in  the  process  of  response.  Calcium  ions  can  be  bound,  either 
in  the  ionic  oi  non-ionic  state,  by  combination  with  anions  on  the  sur¬ 
faces  of  colloidal  molecules,  such  as  proteins.  They  can  therefore  only 
be  released  by  {a)  the  production  of  another  cation  which  is  preferen¬ 
tially  bound,  (6)  by  the  production  of  acid  (or  some  equivalent  process)* 
which  will  reduce  the  number  of  ionizing  acidic  groups  on  the  surface 
of  the  colloids,  or  (c)  by  the  conversion  of  the  colloids  into  smaller  mole¬ 
cular  units,  for  example,  a  protein  into  amino  acids.  Consequently  a 


*  The  same  result  would  be  achieved  by,  for  example,  decarboxylation  of  a 
protein,  or  intramolecular  rearrangement  in  a  protein  molecule  which  resulted  in 
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stimulus,  to  release  calcium,  must  first  supply  either  alternative  cations 
for  binding,  acid  or  its  equivalent,  or  else  initiate  the  degradation  of 
colloidal  particles.  So  that  the  chemical  event  of  increase  in  the  free 
calcium  concentration  can  hardly  be  one  of  the  earlier  events  in  response: 
it  is  much  more  likely  that  it  is  in  most  cases  a  consequence  of  the 
production  of  acid  (CO2,  lactic  acid)  which  is  the  invariable  result  of 
cellular  activity. 

These  theories  of  Lilhe  and  Heilbrunn  are  the  only  ones  for  which 
sufficient  experimental  evidence  has  been  adduced  to  be  taken  seriously, 
and,  as  we  have  just  seen,  Lillie’s  theory  is  correct  in  certain  cases,  but 
the  underlying  molecular  mechanisms  are  unknown;  whilst  Heilbrunn’s 
theory  has  less  evidence  in  its  favour,  and  again  the  molecular  mechan¬ 
isms  involved  by  such  a  theory  have  hardly  been  considered.  It  may 
therefore  be  said  that  the  response  of  cytoplasm  to  a  stimulus  is  still,  on 
both  the  physiological  and  chemical  levels,  a  most  intriguing  mystery. 

Many  workers,  both  biologists  and  chemists,*  have  felt  that  the  co¬ 
ordinated  activity  of  the  cytoplasm  demands  the  existence  of  a  cyto¬ 
plasmic  skeleton,  capable  of  linking  the  bulk  of  the  cytoplasm  with  the 
cell  surface  and  the  nucleus.  But  all  attempts  to  find  this  cytoplasmic 
skeleton  have  failed,  and  evidence  has  steadily  accumulated  to  show 
that  the  cytoplasm  is  fluid  and  usually  of  low  viscosity  (see  Chapter  II). 
We  are  thus  in  a  position  somewhat  analogous  to  those  nineteenth -cen¬ 
tury  physicists  who  sought  in  vain  for  a  material  and  ponderable  ether. 
But  in  the  last  few  years  a  new  possibility  has  appeared,  as  a  result  of 
studies  made  on  gels  and  sols  of  tobacco  mosaic  virus  and  on  gels  of 
certain  other  materials,  such  as  bentonite.  As  was  pointed  out  in  Chap¬ 
ter  II,  there  are  long-range  electrical  forces  operating  between  large 
colloidal  molecules.  These  forces  are  responsible  for  orienting  long, 
needle-shaped  protein  molecules  parallel  with  one  another,  and  for  some 
types  of  gel-formation.  Thus  undisturbed  cytoplasm  may  have  a  struc¬ 
ture  based  on  orientation  of  molecules,  without  physical  contact  being 
necessary  between  the  molecules  concerned;  the  cell  membrane,  nuclear 
membrane,  and  other  semi-permanent  structures  in  the  cell  form  an 
initial  base  with  respect  to  which  orientation  may  be  reconstituted 
after  disturbance.  It  is  well  known,  for  example,  that  the  ectoplasmic 
layer  is  frequently  gelled  and  is  much  more  rigid  than  the  regions 
farther  away  from  the  membrane.  The  stability  of  this  gelled  layer 
almost  certainly  depends  on  the  state  of  the  cell  membrane,  and  there 
is  no  apparent  reason  why  this  orientation  pattern  based  on  the  cell 
membrane  should  not  extend  into  the  bulk  of  the  more  fluid  cytoplasm. 
It  must  be  emphasized,  however,  that  this  is  speculation,  and  at  present 
we  can  do  no  more  than  consider  the  possibilities  of  such  a  theory.  One 

*  See  R.  A.  Peters’s  lecture,  J.  State  Medicine,  37  (1929),  as  an  example  of  the 
latter. 


THE  CELL  SURFACE  AND  CELL  PHYSIOLOGY 


173 


of  the  most  attractive  of  these  possibilities  is  found  in  connexion  with 
muscular  contraction.  Birefringence  studies  show  us  that  in  a  resting 
muscle-fibre  the  myosin  molecules  (the  major  protein  constituent)  are 
partly  arranged  as  rodlets  whose  long  axis  is  parallel  to  the  long  axis  of 
the  fibre.  As  a  result  of  stimulation,  the  resting  potential  across  the 
fibre  membrane  is  greatly  decreased  and  subsequently  the  fibre  develops 
a  tension;  simultaneously  the  orientation  falls  off.  How  the  fall  in 
resting  potential  leads  to  contraction  is  unknown.  But  the  conception 
of  orientation  in  an  electrostatic  field  offers  a  possible  mechanism:  let 
us  assume  that  the  myosin  molecules  nearest  to  the  cell  membrane  are 
given  a  definite  orientation  by  the  potential  across  the  membrane ;  since 
the  fibre  membrane  has  a  large  curvature  except  along  its  long  axis,  the 
orientation  will  be  parallel  to  the  long  axis.  These  oriented  molecules 
will  then  constrain  other  molecules  to  orientate  in  the  same  direction. 
The  stabiUty  of  this  orientated  system  then  depends  entirely  on  the 
membrane  potential,  and  if  this  is  discharged  the  myosin  will  tend  to 
revert  to  a  state  of  more  random  orientation.  As  Meyer  has  pointed  out, 
such  a  loss  of  orientation  will  be  attended  by  decrease  in  length,  i.e.  by 
contraction.  The  process  of  contraction  may,  therefore,  simply  mean 
that,  when  the  constraining  influence  of  the  membrane  potential  is  re¬ 
moved,  the  molecules  revert  to  a  more  probable  state  of  orientation.  As 
a  result  of  such  a  reversion,  heat  will  be  evolved  for  just  the  same  reason 
that  stretched  rubber,  on  contracting,  evolves  heat.  The  restoration  of 
the  resting  potential  then  becomes  an  essential  precondition  for  restora¬ 
tion  of  orientation,  i.e.  for  relaxation.*  However,  whilst  it  is  most  de¬ 
sirable  that  the  possibihties  of  electrostatic  forces  acting  on  colloidal 
molecules  should  be  investigated  as  far  as  possible,  it  is  unlikely  that  our 
first  guesses  about  the  role  of  these  forces  will  be  quite  correct.  Moreover, 


*  Whilst  the  first  step  in  contraction  may  well  be  breakdown  of  orientation 
and  organization  due  directly  to  the  transient  decline  of  the  resting  potential,  the 
myosin  molecules  may  actually  pass  through  a  much  more  complicated  cycle  of 
ev'ents  than  simply  disorientation  and  reorientation.  Possibly  changes  in  the 
myosin  micelles  occur.  Possibly,  as  Bernal  has  suggested,  the  orientated  micelles 
in  a  resting  muscle  have  a  loose  packing  (analogous,  perhaps,  to  tobacco  mosaic 
virus  gels)  and  in  contraction  a  closer  packing  (possibly  analogous  to  the  virus 
crystals).  To  some  extent  supporting  this  view  are  the  observations  of  Mirsky’^  on 
frog  and  rabbit  limb  muscle  and  of  Danielli'®  on  crab  limb  muscle,  in  which  it  was 
found  that  a  decrease  in  myosin  solubility  occurs  after  extensive  periods  of  con¬ 
traction  or  in  rigor.  Mirsky  showed  that  these  changes  may  also  be  produced  in 
myosin  preparations  in  vitro  and  are  not  analogous  to  denaturation  by  heat. 
Then  there  is  the  further  question  of  the  role  of  the  chemical  events  involved  in 
muscular  activity:  at  present  we  do  not  know  even  which  of  the  chemical  changes 
known  to  occur  are  due  to  restoration  of  the  resting  potential  and  which  changes 
participate  more  directly  in  the  contractile  process. 

A  change  in  solubility  of  a  myosin-type  protein  also  occurs  after  fertUization  of 

Ar6acia  eggs  (Mirsky).  suggesting  that  this  protein  is  involved  in  the  mechanism 
ot  cell  division  and  mitosis. 
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in  the  processes  we  have  just  considered  we  have  still  not  covered  the 
hiatus  between  the  act  of  contraction  and  the  chemical  events  involved. 
But  at  least  it  can  be  said  that  some  such  trigger  mechanism  as  that 
just  described  does  exist  in  muscle  and  that  the  cell  surface  is  a  very 
important  part  of  this  mechanism. 

Equally  provocative  is  the  response  of  cells  to  drugs,  such  as  adrena¬ 
line,  histamine,  and  acetylcholine.  Ability  to  respond  to  low  concentra¬ 
tions  of  these  drugs  is  relatively  specific,  restricted  to  certain  types  of 
cell.  The  response  in  many  cases  is  elicited  so  rapidly  that  it  is  almost 
certain  that  it  is  the  membrane  itself  which  is  the  receptor  system,  for 
insufficient  time  elapses  after  application  for  a  significant  amount  of 
the  drug  to  diffuse  into  the  interior  of  the  cells.  So  there  is  httle  doubt 
that  the  surfaces  of  certain  types  of  cells  must  be  specifically  adapted  to 
certain  drugs.  At  present  w^e  cannot  say  of  what  that  adaptation  con¬ 
sists.  But  it  is  probable  that  consideration  of  the  structural  peculiarities 
of  different  drugs  will  give  us  a  clue.  Consider  adrenaline:  hke  the  great 
majority  of  substances  which  act  on  the  cell  surface,  it  is  a  base  and 
consequently,  as  the  cell  surface  is  negatively  charged,  it  wdll  tend,  for 
purely  electrostatic  reasons,  to  be  in  higher  concentration  at  the  cell 
surface  than  elsewhere.  Secondly,  it  is  partly  hydrocarbon  in  character; 
this  again  will  cause  it  to  accumulate  at  the  oil-water  interface  of  the 
cell  membrane.  Thirdly,  it  has  three  hydroxyl  groups  in  close  proximity 
to  an  aromatic  (benzene)  ring;  the  investigations  of  Schulman  andRideal 
suggest  that  this  will  enable  the  molecule  to  interact  with  the  monolayer 
of  protein  adsorbed  on  the  surface  of  the  cell  membrane ;  this  is  a  third 
factor  increasing  the  relative  concentration  of  adrenaline  at  the  cell  sur¬ 
face.  Now  any  one  of  these  factors  taken  alone  would  be  insufficient  to 
cause  a  large  increase  in  adrenaline  concentration  at  a  cell  surface,  but 
all  three  factors  operating  simultaneously  may  have  a  remarkably  large 
effect.  For  drugs  of  the  type  we  have  been  discussing  it  is  possible  to 
calculate  that,  with  all  three  factors  operating  simultaneously,  the  con¬ 
centration  at  the  surface  of  a  cell  may  rise  to  between  1 0^  and  1 0®  times 
that  in  the  bathing  fluid.  For  example,  it  is  theoretically  possible  that 
when  a  cell  is  bathed  by  a  solution  containing  1  in  10’  adrenalin^  the 
concentration  at  the  surface  of  the  cell  is  of  the  order  of  1  in  100.  Thus, 
by  consideration  of  these  three  mechanisms  of  adsorption  on  the  cell 
surface,  we  find  that  drugs,  present  in  bulk  in  minute  amounts,  may  at 
a  suitable  surface  be  present  in  very  substantial  amounts.  Turning  to 
consider  the  specificity  of  the  reaction  of  the  cell  surface  to  certain  drugs, 
we  are  at  once  confronted  with  the  possibility  that  the  specificity  may 
reside  in  the  steric  arrangements  at  the  cell  surface,  for  only  if  the  mole¬ 
cular  pattern  of  the  cell  surface  is  exactly  correct,  and  presents  its 
charged  groups,  oil  surface,  and  protein  grouping,  all  in  a  correct  spatial 
arrangement,  will  all  three  mechanisms  of  adsorption  be  able  to  act 
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simultaneously.  In  terms  of  such  a  conception  it  is  easy  to  see  that  even 
minor  alterations  in  molecular  structure,  such  as  addition  of  CHg  groups, 
or  displacement  of  NHg  groups  along  a  hydrocarbon  chain,  will  pro¬ 
foundly  affect  the  possibility  of  specific  adsorption  at  the  cell  surface. 

When  we  turn  to  the  result  of  adsorption  of  drugs  on  the  cell  surface, 
the  first  thing  to  consider  is  the  effect  such  adsorption  will  have  on  the 
permeabihty  of  the  cell  membrane  to  potassium  and  on  the  magnitude 
of  the  resting  potential,  for  the  excitabihty  of  cells  appears,  in  the  vast 
majority  of  cases,  to  be  irrevocably  bound  up  with  this  potential.  We 
know  from  the  work  of  many  investigators,  such  as  Hober,  Netter, 
Osterhout,  and  Cowan^^,  that  when  there  is  no  potassium  gradient 
across  the  cell  membrane  there  is  no  resting  potential,  excitabihty  is 
lost,  and  in  at  least  one  case  (plant  cells,  Bhnks^)  the  permeability  of 
the  cell  to  ions  is  greatly  increased.  Solandt  has  shown  that  under  these 
conditions  the  heat  production  of  muscle  is  many  times  greater  than 
under  normal  conditions.  It  is  evident  that  the  cell  surface  is  a  very 
labile  system,  and  that  if  adsorbed  drugs  are  able  to  produce  even  minor 
changes  in  the  packing  and  orientation  of  the  membrane  molecules,  the 
excitability  of  the  cell  will  be  profoundly  affected. 

Similarly,  the  changes  in  protoplasmic  viscosity  following  stimulation 
of  cells  by  electric  currents  or  ultraviolet  light,  or  by  changing  the  ionic 
environment  (Heilbrunn  and  Daugherty are  probably  closely  con¬ 
nected  in  most  cases  with  the  condition  of  the  cell  membrane.  Potas¬ 
sium  solutions,  for  example,  cause  liquefaction  of  the  cortical  gel  layer 
of  Amoeba  dubia,  whereas  calcium  solutions  increase  the  rigidity  of  the 
gel  layer.  From  what  we  know  of  the  actions  of  potassium  and  calcium 
on  the  resting  potentials  of  other  cells,  it  is  quite  possible  that  liquefac¬ 
tion  of  the  cortical  gel  is  due  to  discharge  of  the  resting  potential,  and 
increased  rigidity  to  increase  of  the  resting  potential. 

iii.  Fertilization,  Artificial  Parthenogenesis,  Cell  Division, 

AND  Protoplasmic  Streaming 

In  the  process  and  results  of  fertilization  some  of  the  various  functions 
of  the  cell  surface,  the  cell  membrane,  and  the  ectoplasm  appear  particu¬ 
larly  clearly.  In  the  first  place,  in  many  cases  (sea-urchins  and  Nereis) 
attachment  of  the  sperm  involves  an  agglutination -type  interaction  be¬ 
tween  the  sperm  surface  and  the  egg  surface,  due  to  the  presence  of  a 
substance  on  the  egg  surface  which  F.  R.  Lillie  has  called  fertilizin. 
Fertihzin  is  soluble  in  water  and  can  readily  be  washed  out  of  fresh  ripe 
unfertilized  eggs.  A  drop  of  fertihzin  solution  will  cause  agglutination 
of  a  sperm  suspension.  After  repeated  washing  sea-urchin  eggs  may  no 
longer  be  fertilizable,  and  fertilizin  can  then  no  longer  be  detected  in  the 
wash-waters.  On  the  other  hand,  attempts  to  show  the  existence 
of  fertihzin  in  certain  other  forms  have  failed,  so  that  it  is  doubtful 
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whether  this  agglutination-type  reaction  is  of  major  importance.  But 
there  is  no  doubt  that  it  does  facilitate  fertilization  of  sea-urchin 
eggs. 

The  details  of  the  fertilization  process  differ  considerably  from  species 
to  species.  As  an  example  we  shall  consider  Arbacia,  partly  because  it 
is  one  of  the  few  forms  in  which  I  have  had  the  opportunity  of  following 
the  details  of  fertilization  with  care,  partly  because  it  is  a  common  form 
concerning  the  behaviour  of  which  there  is  comparatively  Uttle  contro¬ 
versy.  A  short  time  after  insemination  with  a  few  spermatozoa,  one  or 
more  is  firmly  attached  to  the  cell  surface.  As  the  spermatozoon  comes 
close  to  the  plasma  membrane,  streaming  movements  in  the  cell  surface 
may  become  more  pronounced.  The  tip  of  the  spermatozoon  enters  the 
surface  and  a  cloudy  appearance  sweeps  over  the  surface  from  the  site 
of  sperm  attachment.  Just  states  that  the  cloudiness  is  in  the  ectoplas¬ 
mic  layer,  but  it  may  equally  well  be  on  the  surface  of  the  plasma  mem¬ 
brane:  sudden  compression  of  a  protein  monolayer  produces  a  very 
comparable  cloudiness.  The  cloudiness  clears  up,  beginning  at  the  site 
of  sperm  entry,  in  a  second  wave,  and  a  cone  forms  on  the  egg  surface 
tending  to  engulf  the  sperm  head.  Suddenly  the  sperm  head  passes 
inside  the  cone  and  the  fertilization  membrane  begins  to  lift  away  from 
the  surface  in  the  vicinity  of  the  cone.  From  this  point  a  wave  of  mem¬ 
brane  separation  sweeps  round  the  cell  and  then  for  a  period  of  about 
half  a  minute  the  space  between  the  fertilization  membrane  and  the 
plasma  membrane  increases.  The  fertilization  membrane  arises  from 
the  vitelline  membrane,  and  if  the  vitellind  membrane  is  removed  prior 
to  insemination  sperm  entry  may  still  occur,  but  no  fertihzation  mem¬ 
brane  appears.  Loeb  showed  that  if  proteins  are  added  to  the  sea-water 
in  which  insemination  occurs  the  fertilization  membrane  is  not  hfted, 
which  strongly  suggests  that  it  is  elevated  by  the  colloid  osmotic  pres¬ 
sure  of  proteins  lying  between  the  fertilization  and  plasma  membranes. 
Chambers  suggests  that  filaments  extend  between  the  two  membranes: 
these  filaments  can  readily  be  torn  with  a  micro-needle. 

Prior  to  the  visible  elevation  of  the  fertihzation  membrane,  a  wave 
sweeps  round  the  cell  from  the  site  of  sperm  entry,  which  in  some  way 
inhibits  the  entry  of  additional  spermatozoa.  The  additional  sperm  are 
then  usually  hfted  off  by  the  rising  fertihzation  membrane,  but  Driesch 
has  shown  that  removal  of  the  fertihzation  membrane  does  not  enable 
additional  sperm  to  enter.  Evidently  sperm  entry  induces  a  funda¬ 
mental  change  in  the  relationship  between  spermatozoa  and  the  cell  sur¬ 
face.  Many  attempts  have  been  made  to  show  that  this  is  paralleled  by 
permanent  physical  changes  in  the  cell  surface,  but  so  far  no  great  suc¬ 
cess  has  attended  these  attempts:  changes  in  permeabihty  and  electrical 
capacity,  for  example,  are  found  in  some  species  but  not  in  others.  An 
interesting  transient  change  has  been  found  by  Just.  If  placed  in  tap- 


THE  CELL  SURFACE  AND  CELL  PHYSIOLOGY 


177 


water  before  insemination,  cytolysis  of  Nereis  limbata  eggs  occurs  in  3 
or  4  minutes.  But  immediately  after  the  sperm  entry,  cytolysis  occurs 
in  about  25  seconds.  This  increased  susceptibihty  disappears  fairly 
quickly.  A  similar  increased  susceptibility  also  appears  in  the  eggs  of 
Arbacia  and  of  Echinarachnius.  During  this  cytolysis  the  region  of 
greater  susceptibihty  appears  to  be  that  from  which  the  fertilization 
membrane  has  hfted,  as  with  an  egg  in  which  partial  elevation  of  the 
membrane  has  occurred,  the  outflow  of  cytoplasm  never  proceeds  from 
a  region  from  which  the  membrane  is  not  hfted.  It  remains  to  be  seen 
whether  this  increase  in  susceptibihty  to  cytolysis  is  a  common  feature 
in  many  species.  Polyspermy  only  occurs  with  large  eggs  (with  which, 
as  J ust  remarks,  we  may  suspect  that  the  entry  of  more  than  one  sperm 
is  due  to  the  long  time  required  for  the  cortical  reaction  to  spread  round 
the  cell),  or  with  small  eggs  which  are  stale,  or  which  have  been  treated 
with  some  reagent  such  as  nicotine,  high  temperature,  or  acid.  Cross- 
fertihzation  between  different  species  takes  place  with  varying  ease, 
usually  with  much  less  ease  than  specific  fertilization,  and  is  frequently 
assisted  by  abnormal  treatment  of  the  egg.  These  observations  show  us 
that  fertihzation  is  in  part  specific,  in  part  non-specific,  and  that  the 
relationship  between  spermatozoon  and  egg  cell  w'hich  enables  fertiliza¬ 
tion  to  occur  is  not  a  function  of  one  variable  only.  Gray  pointed  out 
that  immunological  or  chemical  views  of  the  fertihzation  process,  such 
as  those  of  F.  R.  Lillie®^*®®,  meet  grave  difficulties  in  explaining  the  non¬ 
specific  aspects  of  fertilization,  such  as  cross -fertihzation.  The  view  of 
R.  S.  Lilhe,  that  the  initial  action  of  the  spermatozoon  is  to  initiate  a 
change  in  permeability  of  the  plasma  membrane,  is  capable  of  explain¬ 
ing  the  non-specific  aspects,  but  not,  unless  modified,  of  explaining  the 
specific  aspects  of  the  phenomenon.  So  far,  then,  as  it  is  possible  to  see 
at  the  moment,  activation  by  a  spermatozoon  involves  an  apparently 
non-specific  trigger  mechanism,  the  operation  of  which  is  facihtated  if 
spermatozoon  and  egg  have  a  specific  relationship,  which  is  probably 
a  function  of  the  spatial  or  chemical  organization  of  their  surfaces. 

The  permeability  changes  suggest  that  there  is  a  profound  change  in 
the  cell  surface  accompanying  fertilization.  The  school  of  Runnstrom 
has  made  a  number  of  particularly  important  observations  bearing  on 
this  point.  Thus,  the  scattering  of  light  by  the  cortex  changes  profoundly 
on  fertilization,  and  Monroy  and  Montalenti  have  shown  that  there  is 
a  change  in  the  birefringence  of  the  cortex.  The  birefringence  undergoes 
a  cychcal  change  which  is  correlated  with  aster  growth  and  with  the 
appearance  of  the  egg  surface  during  cytolysis.  Moser  and  Runnstrom 
have  studied  granules  in  the  cortex  of  the  egg.  On  fertilization  these 
tend  to  move  to  the  surface  of  the  cell,  and  eventually  become  incor¬ 
porated  in  the  fertihzation  membrane.  It  remains  to  be  seen  which  of 
ese  changes  are  of  general  importance  in  relation  to  fertilization,  and 
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which  are  of  interest  only  in  the  fertilization  of  one  or  more  species  of 
sea-urchin. 

Artificial  parthenogenesis  may  be  produced  by  a  great  variety  of 
treatments  of  the  egg.  It  is  an  effect  dependent  only  on  the  intactness 
of  the  cytoplasm,  for  E.  B.  Harvey^’  has  recently  shown  that  enucleated 
halves  of  Arbacia  eggs  when  treated  by  parthenogenetic  reagents  may 
form  fertihzation  membranes  and  divide,  reaching  a  blastomere  of  some 
500  cells  before  serious  abnormahties  in  development  appear.  Partheno¬ 
genetic  reagents  may  be  divided  roughly  into  two  groups,  though  some 
substances  probably  fall  into  both  groups.  The  first  group  consists  of 
cytolytic  agents,  such  as  soap  and  saponin,  whose  action  is  almost  ex¬ 
clusively  on  the  cell  membrane.  The  second  group  consists  of  treatments 
or  reagents  whose  action  is  primarily  on  the  bulk  of  the  cytoplasm,  such 
as  hypertonicity  and  cold.  Development  may  occur  without  elevation 
of  the  fertihzation  membrane.  The  action  of  all  these  reagents  is  to 
cause  the  production  of  asters  in  the  cytoplasm:  many  workers,  e.g. 
Morgan,  Wilson,  Conklin,  and  Herlant,  have  shown  that  frequently  very 
many  small  asters  are  produced  by  these  reagents.  Some  workers, 
e.g.  Loeb®®’®®,  have  concentrated  their  attention  on  the  action  of  the 
various  reagents  on  the  cell  surface;  others,  e.g.  Just,  have  concen¬ 
trated  mainly  on  the  effects  on  the  bulk  of  the  cytoplasm,  and  regard 
dehydration  as  the  essential  step  in  activation.  Both  of  these  extreme 
views  seem  improbable:  it  is  most  unlikely  that  cold  and  moderate 
hypertonicity  can  be  regarded  as  cytolytic  agents.  And,  on  the  other 
hand,  ultraviolet  fight,  pricking,  or  small  concentrations  of  fatty  acids, 
all  of  which  are  effective  parthenogenetic  agents,  can  hardly  be  regarded 
as  dehydrating  agents.  A  more  probable  view  is  that  the  essential  func¬ 
tion  of  parthenogenetic  agents  (if  indeed  there  is  only  one  essential 
function)  is  to  promote  aster  formation.*  Asters  are  gels,  probably  of 
myosin-type  proteins.  Their  formation  in  the  cytoplasm  can  therefore 
probably  be  promoted  (a)  by  direct  action  on  the  cytoplasm,  and  (b)  by 
stimulation  of  the  cell  surface.  This  gives  us  the  scheme  of  Text-fig.  5. 
Cytolytic  agents  and  pricking  must  give  rise  to  a  change  in  permeability 
and  this,  possibly  as  a  result  of  decreasing  the  resting  potential,  may 
cause  an  increase  in  the  probability  of  gelation  in  the  endoplasm.  The 
process  is  envisaged  as  being  closely  analogous  to  the  increase  in  endo¬ 
plasmic  viscosity  in  Amoeba  following  treatment  with  K+  (Heilbrunn 
and  Daugherty^®).  Changes  in  tonicity  all  involve  at  some  stage  a  de¬ 
hydration  process:  this  will  favour  gelation,  as  also  will  low  tempera 

*  The  present  author  does  not  wish  to  discuss  whether  division  in  partlieno- 
genesis  is  due  mainly  or  in  part  to  the  formation  of  fresh  asters,  or  whether  it  is 
wholly  or  in  part  due  to  the  growth  and  division  of  the  female  aster,  but  simp  j  to 
emphasize  that  conditions  fav'ouring  gelation  will  promote  growth  and  formation 
both  of  new  and  of  pre-existing  asters. 
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tures,  without  the  intervention  of  a  change  in  permeability.  Where  ex¬ 
cessive  changes  in  tonicity  are  used,  superficial  cytolysis  may  also  be 
involved.  Ultraviolet  light  may  act  in  both  ways,  as  Tchakotine®^  has 
shown  that  ultraviolet  radiation  has  a  direct  action  on  the  cell  membrane 
as  well  as  on  the  cytoplasm.  Whether  this  proposed  scheme  is  correct 
or  not,  it  is  certain  that  the  only  visible  initial  common  feature  of  the 
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Text-fig.  5.  Diagram  illustrating  how  various  types  of  partheno- 
genetic  reagents  may  all  cause  aster  growth  or  aster  formation. 

action  of  the  various  parthenogenetic  reagents  is  the  initiation  of  gela¬ 
tion  and  aster-formation.  In  view  of  the  importance  of  sol  gel  changes 
and  amphiaster  formation  in  mitosis  and  cell  division,  it  seems  likely  that 
working  backward  from  this  common  attribute  of  the  various  reagents 
IS  more  likely  to  give  a  clue  as  to  tlie  nature  of  the  mechanism  involved 
than  IS  consideration  of  the  properties  of  any  small  group  of  reagents. 

There  is  no  evidence  that  the  cell  surface  is  particularly  involved  in 
nuclear  division.  In  cytoplasmic  division  the  ectoplasm  at  least  plavs 
a  large  part.  Originally,  attention  was  focused  more  on  tlie  lipoid  layer 
ot  the  cell  membrane,  and  changes  of  surface  tension  were  held  bv  many 

s  noJT"'  n  discussed  it 

ormal  cell  division.  Recently  more  attention  has  been  paid  to  the  ecto¬ 
plasmic  or  cortica  gel  layer.  Chambers  has  shown  tliat  egg  fragments 
having  cortical  gel  may  be  fertilized  and  will  divide,  wherefs  f^g^nU 
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lacking  cortical  gel  will  not  divide.  Subsequently,  further  micro-dissec¬ 
tion  studies  have  shown  that  the  impingement  of  the  cleavage  furrow 
is  due  to  an  invagination  of  the  cortical  gel  layer:  the  process  is  accom¬ 
panied  by  increased  gel  formation,  and  as  the  gel  invaginates  the  surface 
membrane  adheres  to  it  and  follows  the  course  of  the  impinging  furrow. 
When  the  invaginating  gel  girdle  meets  in  the  centre,  fusion  takes  place, 
together  with  retraction  of  gel  from  the  small  tube  still  uniting  the 
blastomeres,  until  finally  only  a  very  narrow  thread  of  cytoplasm  re¬ 
mains  to  unite  the  two  cells.  This  activity  of  the  cortical  gel  may  be 
inhibited  at  any  time  by  the  application  of  sufficient  hydrostatic  pres¬ 
sure  to  cause  liquefaction  of  the  gel  (Marsland  and  Brown;  see  Chapter 
II).  The  action  of  pressure  is  reversible  in  many  ways.  The  protoplas¬ 
mic  thread  uniting  the  blastomeres  may  persist,  possibly  indefinitely  in 
some  cases,  and  in  others  until  movements  or  surface-tension  forces 
break  the  thread.  How  far  similar  changes  are  involved  in  division  of 
plant  cells  is  unknown. 

Many  workers  have  remarked  upon  the  streaming  movements  of  the 
cytoplasm  in  dividing  cells.  Chambers  has  recently  remarked  that  in 
cytoplasmic  division  much  of  the  streaming  is  closely  associated  with 
gel  formation  in  the  cortex.  It  is  therefore  most  interesting  that  Mars¬ 
land  has  found  that  streaming  in  Elodea  cells  is  associated  with  gelation, 
and  that  streaming  is  abolished  by  application  of  sufficient  hydrostatic 
pressure  to  liquefy  the  cortical  plasmagel.  Marsland  suggests  that  the 
streaming  process  is  due  to  a  wave  of  gelation  and  dissolution  of  gel 
passing  round  the  cell  and  that,  for  example,  the  fluid  is  pushed  round 
by  the  advancing  wave  of  gelation,  just  as  fluid  may  be  pushed  along 
a  rubber  tube  by  causing  a  constriction  to  pass  along  the  tube.  The 
recent  growth  of  evidence  that  sol  ^  gel  changes  are  an  essential  part  of 
the  apparatus  of  protoplasmic  movement  is  of  the  greatest  importance. 
Those  interested  in  other  potentialities  of  the  plasmagel  may  consult 

Needham’s  book.  Order  and  Life^^. 

From  the  foregoing  account  it  will  be  realized  that  rapid  and  dramatic 
changes  are  occurring  in  our  conception  of  the  cell  membrane  and  its 
relationship  with  the  rest  of  the  cell.  The  fundamental  principles  under¬ 
lying  this  development,  however,  are  those  which  were  introduced  by 
such  pioneers  as  Ringer,  Overton«S  Bayliss^,  Loeb«M9,  Morgan’^s, 
R.  S.  Hober  and  F.  R.  Lillie^^.e®,  and  Hardy.  Perhaps  it  is  not  too 
much  to  hope  that  the  coming  decade  will  see  connexions  established 
between  this  field  and  the  enzymatic  processes  which  furnish  the  supply 
of  energy  for  cellular  activity.  Now  that  we  are  approaching  the  prob¬ 
lem  of  molecular  organization  in  protoplasm,  it  is  reasonable  to  suppose 
that  we  may  also  make  contact  with  the  biochemical  processes  which, 
as  Hopkins  has  so  lucidly  explained,  must  also  be  dependent  on  a  com¬ 
plex  molecular  organization. 
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CHAPTER  V 

NUCLEUS,  CHROMOSOMES,  AND  GENES 

By  M.  J.  D.  WHITE 
i.  Introduction 

SINCE  the  publication  of  the  first  edition  of  this  book  a  great  deal 
has  been  learned  about  the  chemical  structure  of  the  chromosomes 
(mainly  by  Mirsky  and  Pollister,  following  on  the  pioneer  work  of  the 
Stedmans^®^’^®^,  and  about  the  biochemical  nature  of  gene-action  (by 
Beadle,  Tatum,  and  their  associates). 

On  the  one  hand,  it  now  appears  that  the  chromosomes  consist,  in  the 
main,  of  four  types  of  chemical  compounds,  namely,  two  kinds  of  nucleic 
acids,  in  one  of  which  the  carbohydrate  part  of  the  molecule  is  d-ribose, 
while  in  the  other  it  is  desoxyribose ;  together  with  two  kinds  of  pro¬ 
teins,  one  of  which  is  a  histone  or  a  protamine,  while  the  other  is  a 
tryptophane-containing  protein  of  higher  molecular  weight  than  the 
first. 

On  the  other  hand,  it  has  been  shown  by  the  second  group  of  workers 

(Beadlei®>i®’2o,2i,22.  Tatum,  Bonner,  and  Beadle^®®;  Beadle  and  Tatum^^; 

Beadle,  Mitchell,  and  Nyc^^;  Srb  and  Horowitz^®®)  that  each  biochemical 

reaction  in  the  fungus  Neurospora  (such  as  the  conversion  of  citrulhne 

to  ornithine  or  that  of  anthranilic  acid  to  indole)  is  determined  genetically, 

and  that  the  more  complex  biochemical  conversions  (such  as  that  of 

kynurenine  to  nicotinic  acid)  are  determined  by  several  genes,  each  one 

of  which  is  responsible  for  a  particular  step  in  the  conversion.  Thus  the 

formation  of  citrulline  from  ornithine  involves  the  addition  of  both 
I  I 

CO  and  NH  groups,  and  apparently  each  of  these  steps  is  controlled  by 

a  separate  gene.  When  any  one  of  these  genes  mutates  to  an  ‘amorph’ 
(i.e.  a  totally  inactive  state)  the  particular  reaction  which  it  normally 
controls  no  longer  occurs,  and  hence  the  precursor-substance  accumu¬ 
lates  m  the  tissues  of  the  organism,  is  excreted  in  abnormal  quantities, 
or  IS  used  up  in  an  alternative  biochemical  reaction.  The  behaviour  of 
genes  is  hence  very  like  that  of  enzymes  (as  had  long  been  suspected 
on  general  grounds),  and  it  seems  likely  that  each  gene  is  a  precursor  or 

producer  of  a  specific  enzyme  which  determines  a  particular  biochemical 
reaction  m  the  cell. 

These  two  lines  of  attack  on  the  central  problem  of  the  nature  of  the 
gene  are  thus  approaching  one  another,  hut  they  have  not  yet  met. 
n  other  words,  although  we  have  some  idea  of  the  gross  chemical  com¬ 
position  of  chromosomes,  we  do  not  know  anything  certain  as  yet  about 
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the  composition  of  the  individual  genes  of  which  they  are  made  up, 
so  that  we  are  still  totally  ignorant  as  to  the  nature  of  the  chemical 
differences  between  one  gene  and  another  and,  in  particular,  of  the  dif¬ 
ferences  between  allehc  genes  which  have  arisen  from  one  another  by 
mutation.  Nor  do  w'e  know  whether  the  chromosomes  are  entirely  com¬ 
posed  of  genic  material,  or  whether,  as  seems  more  probable,  they  also 
contain  materials  (either  inter -genic  substance  between  the  genes  or 
‘matrix’  surrounding  them)  which  do  not  form  part  of  the  genes  them¬ 
selves. 

The  researches  of  the  past  few  years  and,  in  particular,  the  work  of 
Sonneborn^®®'^®®,  have  tended  to  focus  attention  on  the  self-duphcating 
particles  of  the  cytoplasm.  But  this  in  no  way  detracts  from  the  im¬ 
portance  of  the  chromosomes  as  the  main  self-duphcating  organs  of  the 
cell.  Thus  an  analysis  of  the  molecular  structure  of  the  genes  and  chro¬ 
mosomes  is  clearly  one  of  the  central  problems  of  biology  at  the  present 
time:  it  is  a  prerequisite  to  any  real  understanding  of  the  process  of 
mutation,  and  consequently  of  the  physical  basis  of  variation  and  evolu¬ 
tion.  In  order  to  evaluate  all  the  more  recent  work,  however,  it  is  neces¬ 
sary  to  have  some  understanding  of  the  basic  concepts  which  have  been 
developed  by  classical  cytological  methods. 

u.  The  Nucleus 

Nuclei  are  masses  of  relatively  fluid  material  (‘  nuclear  sap  ’)  surrounded 
by  a  membrane  and  containing  the  chromosomes.  We  still  know  very 
httle  about  the  nature  of  the  nuclear  membrane,  and  especially  about 
its  permeabihty  to  molecules  of  different  kinds,  although  this  is  really 
one  of  the  central  problems  of  cell  physiology. 

Most  nuclei  are  spherical,  although  ovoid  ones  are  not  uncommon  in 
tall,  columnar  cells.  In  some  cases,  where  the  nuclei  are  complex  ramify¬ 
ing  structures — as  they  are  in  the  spinning-glands  of  some  insects 
(Vorhies^^®),  and  in  the  salivary  glands  of  waterbugs  (Geitler"^®) — the 
cytoplasm  contains  large  quantities  of  secreted  material,  in  many  cases 
the  silk  protein,  sericin.  Here  the  structure  of  the  cytoplasm  may  be 
responsible  for  the  nucleus  assuming  this  peculiar  arborescent  form, 
which  becomes  more  complex  as  the  cell  grows  to  maturity.  This  can 
hardly  apply  in  two  other  classical  cases  of  irregularly  shaped  nuclei, 
those  of  the  polymorphs  of  vertebrate  blood,  and  the  macronuclei  of  some 
ciliates,  such  as  Stentor,  Condylostoma,  and  Spirostomum  ambiguum. 

We  shall  see  later  that  all  these  irregularly  shaped  nuclei  are  probably 
highly  polyploid,  containing  hundreds  or  thousands,  and  in  some  in¬ 
stances  tens  of  thousands  of  chromosomes.  It  is  noteworthy  that  the 
sahvary  gland  cells  of  most  Dipterous  larvae,  some  of  which  secrete 
large  quantities  of  silk,  are  strictly  spherical.  In  an  irregularly  shaped 
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nucleus  the  surface  area  of  the  nuclear  membrane  is,  of  course,  greater, 
relative  to  the  volume,  than  in  the  case  of  a  spherical  nucleus,  and  this 
may  have  a  functional  significance  in  facilitating  nucleo -cytoplasmic 
exchanges.  The  only  known  case  of  an  irregularly  shaped  salivary  gland 
nucleus  in  the  Diptera  is  in  the  single  ‘super -giant  cell  at  the  base  of 
each  sahvary  gland  in  the  midge  Lestodiplosis  (White^^^). 

It  is  probable  that  in  the  future  all  the  various  types  of  resting  nuclei 
will  be  found  to  have  significance  in  relation  to  the  particular  functions 
of  their  cells.  The  diversity  of  nuclear  structure  is  clearly  related  to 
histological  differentiation,  and  when  we  know  more  about  the  role  of 
the  nucleus  in  the  life  of  the  cell  we  shall  doubtless  understand  the 
different  morphological  types  of  nuclei  better.  The  statement  that : 
‘Throughout  plants  and  animals  the  cell  nucleus  has  a  uniformity  of 
structure  corresponding  to  the  uniformity  of  its  work’  (Darlington®^)  is 
only  a  crude  first  approximation  to  the  truth. 

iii.  The  Chromosomes 

a.  The  Structure  of  the  Chromosomes  as  Revealed  by  Microscoj)y 

Each  chromosome  is  composed  of  a  linear  sequence  of  parts,  having 
different  properties  (genetical,  chemical,  &c.).  All  ‘normal’  chromo¬ 
somes  have  two  ends,  but  it  is  possible,  by  means  of  irradiation  with 
X-rays,  to  break  off  small  pieces  from  both  ends;  in  this  case  the  tw'o 
ends  of  the  central  portion  which  is  left  may  join  up  so  as  to  produce 
a  ring-chromosome  which  has  ‘no  beginning  and  no  end’.  The  properties 
of  such  artificially  produced  ring-chromosomes  have  been  studied  in 
Drosophila  (Morgan^^®;  Catcheside  and  Lea^®;  Bauer^®)  and  in  the  maize 
plant  (McChntock^^®>^2oj .  they  are  liable  to  undergo  various  kinds  of 
‘accidents’  at  mitosis,  so  that  it  is  hardly  surprising  that  they  have 
never  been  encountered  in  any  wild  species  of  animal  or  plant. 

All  ‘ordinary’  chromosomes  possess  one  special  region,  the  centromere 
{kinetochore  or  spindle-attachment  of  some  authors),  which  plays  a  special 
role  during  mitosis,  since  it  connects  the  rest  of  the  chromosome  to  the 
mass  of  gelated  material,  mainly  derived  from  the  nuclear  sap,  which 
forms  the  spindle.  The  centromere,  like  other  parts  of  the  chromosome, 
possesses  the  power  of  self-duplication,  which  is  followed  by  ‘splitting’, 
although  there  is  a  good  deal  of  evidence  that  it  does  not  split  at  the 
same  time  as  the  rest  of  the  chromosome  thread,  and  it  may  also  under¬ 
go  duplication  at  a  different  part  of  the  mitotic  cycle. 

Under  the  microscope  the  centromere  region  usually  appears  as  a 
non-staining  gap  in  the  substance  of  the  chromosome:  in  all  probability 
it  is  a  region  containing  little  or  no  nucleic  acid.  In  some  instances  a 
minute  dark-staining  granule  has  been  detected  in  the  middle  of  the 
centromere  region,  and  some  authors  have  assumed  that  this  is  the  true 
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centromere;  but  in  most  cases  such  a  granule  cannot  be  seen.  Tran- 
kowsky2i4  and  Iwata^^,  working  on  plant  material,  and  Schrader^’’,  who 
worked  on  the  Urodele,  Amphiuina,  are  in  agreement  that  each  meiotic 
bivalent  possesses  four  of  these  ‘attachment  chromomeres’  in  the  first 
meiotic  division,  i.e.  one  for  each  chromatid. 

Chromosomes  with  strictly  terminal  centromeres  apparently  do  not 
exist  in  nature  (White^i’;  Coleman^’).  When  such  a  chromosome  is  pro¬ 
duced  artificially  by  breaking  a  normal  chromosome  in  the  immediate 
neighbourhood  of  the  centromere,  or  actually  through  the  centromere, 
it  is  either  eliminated  in  the  course  of  a  few  divisions  or  converts  itself 
into  an  ‘isochromosome’  with  two  genetically  identical  arms  and  a 
median  centromere  (Rhoades^®®). 

It  is  possible,  by  means  of  irradiation  with  X-rays,  to  obtain  chromo¬ 
somes  with  several  centromeres.  Such  chromosomes  arise  when  two  or 
more  chromosomes  of  the  original  set  are  broken  transversely  and  the 
portions  rejoin  in  such  a  manner  that  a  compound  chromosome  con¬ 
taining  parts  of  several  of  the  original  ones  is  formed.  In  most  organisms 
such  ‘dicentric’,  ‘tricentric’,  &c.,  chromosomes  are  unable  to  function 
efficiently  at  mitosis,  since  it  frequently  happens  that  the  several  centro¬ 
meres  of  a  single  daughter-chromosome  do  not  pass  to  the  same  pole  of 
the  spindle  at  anaphase.  It  was  originally  shown  by  Mather  and  Stone^^®, 
and  has  frequently  been  confirmed  since,  that  when  two  centromeres 
situated  in  the  same  chromosome  pass  to  opposite  poles  of  the  spindle 
at  anaphase  the  region  between  them  will  be  stretched  in  the  spindle 
and  will  either  (1)  prevent  the  two  groups  of  chromosomes  from  separat¬ 
ing,  so  that  they  become  included  in  a  single  nucleus,  or  (2)  be  unable 
to  pass  to  either  pole,  so  that  it  fails  to  get  included  in  either  daughter- 
nucleus,  or  (3)  the  stretched  region  will  simply  break  under  the  tension 
imposed  on  it  by  the  elongating  spindle.  It  was  shown  at  the  same  time 
that  ‘acentric’  fragments,  which  lack  a  centromere  altogether,  are  like¬ 
wise  unable  to  function  properly  at  mitosis,  since  they  never  become 
attached  to  the  spindle  at  all. 

There  is,  however,  one  organism  in  which  it  is  definitely  known  that 
the  chromosomes  possess  many  centromeres.  This  is  the  Nematode 
worm,  Ascciris  ')n€g(iloc€ph(il(i,  where  it  has  long  been  known  that  the 
2  or  4  chromosomes  of  the  germ-line  (2  in  the  variety  univalens,  4  in 
the  variety  bivcLlens)  break  up  spontaneously  during  certain  of  the 
cleavage  divisions  into  a  number  of  much  smaller  portions,  but  only 
in  those  nuclei  which  are  destined  to  pass  into  the  somatic  tissues  of 
the  worm.  Here  it  is  clear  from  the  results  of  irradiation  experiments 
that  each  segment  possesses  its  own  centromere,  which  is  functional 
even  before  fragmentation,  and  that  the  germ -line  chromosomes  are 
accordingly  polyccntric.  Why  the  centromeres  in  one  daughter-chromo¬ 
some  always  pass  to  the  same  pole  at  anaphase  in  the  germ -fine  cells  is 
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not  entirely  clear — perhaps  they  are  too  close  together  to  be  able  to  pass 
to  opposite  poles. 

In  certain  orders  of  insects,  such  as  the  Hemiptera,  no  centromeres 
have  ever  been  seen  under  the  microscope,  and  at  mitosis  each  chromo¬ 
some  appears  to  be  attached  to  the  spindle  along  its  entire  length  (in¬ 
stead  of  at  one  point  only).  It  is  uncertain  whether  such  chromosomes 
have  a  ‘diffuse-centromere  activity’  (Schrader^^®’^®®)  or  a  large  number 
of  small  centromeres  scattered  at  intervals  along  their  length,  as  appears 
to  be  the  case  in  Ascaris.  In  these  bugs  it  appears  from  the  work  of 
Hughes  Schrader  and  Ris®^  (on  the  scale-insect  Steatococcus)  that  if  the 
chromosomes  are  broken  up  into  a  number  of  smaller  portions  by  irra¬ 
diation  with  X-rays,  each  of  the  fragments  is  able  to  function  properly 
in  subsequent  mitoses,  all  portions  becoming  attached  to  the  spindle, 
as  if  they  possessed  centromeres  or  a  ‘diffuse-centromere  activity’. 

During  the  early  prophase  stages  of  the  first  meiotic  division  the 


chromatids  resemble  a  string  of  beads,  numerous  small,  dark-staining 
granules  being  connected  together  by  a  faintly  staining  thread.  These 
granules  have  received  the  name  of  chromomeres.  Some  workers  have 
claimed  that  they  are  artefacts  or  optical  illusions  based  on  misinter¬ 
pretation  of  a  spiral  chromonema.  It  has  been  pointed  out  by  Kauf- 
mann®®,  however,  that  it  is  hard  to  reconcile  these  views  with  the  fact 


that  individual  chromomeres  are  frequently  identifiable  from  one  cell  to 
another  (Heilborn’®;  Huskins  and  Smith®’;  Longley^^®).  Moreover,  it  is 
clear  that  the  chromomeres  are  Feulgen-positive  (i.e.  they  contain  des- 
oxyribose  nucleic  acid)  w’hile  the  portions  of  the  chromonema  between 
them  are  Feulgen-negative.  It  is  thus  difficult  to  accept  the  view  that 
the  chromomeres  and  interchromomeric  connexions  only  differ  in  degree 
or  mode  of  coiling. 


The  total  number  of  chromomeres  in  the  chromosome  set  of  a  species 
can  only  be  stated  in  the  form  of  a  lower  limit,  since  it  is  clear  that  the 
larger  chromomeres  in  most  fixed  and  stained  preparations  are  com¬ 
pound,  i.e.  they  consist  of  several  smaller  chromomeres  fused  together. 
In  the  plants  Lilium  and  Aloe,  Belling^®  estimated  the  number  of ‘ulti¬ 
mate’  chromomeres  at  2,500  and  1,400,  although  even  here  it  is  unlikely 
that  all  of  them  were  detected,  since  the  smaUest  ones  are  only  iust 
resolvable  with  the  microscope. 

Muller>«  has  used  the  term  telomere  for  the  ‘natural’  chromosome 
ends  to  distinguish  them  from  ‘artificial’  ends,  which  are  produced  when 
a  chromosome  IS  broken  as  a  result  of  irradiation  or  by  other  means. 

me  authors  have  used  the  term  to  indicate  the  terminal  members  of 
tn  ^  while  others  have  suggested  that  it  should  be  applied 

to  some  kind  of  hypotheticar  pellicle’  over  the  ends  of  the  chromosome 
Morphologically  the  term  lacks  precision,  but  it  has  been 
P  sue  le  important  principle  that  when  structural  rearrangements 
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occur  (see  Section  h)  the  ‘telomeres’  are  incapable  of  assuming  an 
interstitial  position  in  the  chromosome,  and  no  interstitial  portion  of  the 
chromosome  is  capable  of  assuming  a  terminal  position,  i.e.  of  function¬ 
ing  as  a  telomere.  Some  supposedly  ‘terminal’  inversions  of  chromo¬ 
some  regions  have  been  described  in  wild  populations,  but  it  is  not  quite 
certain  that  they  were  strictly  ‘terminal’,  i.e.  that  there  was  not  a 
minute  region  beyond  the  Umits  of  the  inverted  segment.  The  telomere 
concept  obviously  requires  some  modification  in  the  case  of  Ascaris 
megalocephala,  where  the  ends  of  the  germ -line  chromosomes  are  cast 
off  in  the  somatic  cells,  the  central  portions  undergoing  fragmentation 
into  a  large  number  of  much  smaller  chromosomes. 

Nucleoh,  which  were  formerly  regarded  as  independent  cell  organs, 
are  now  known  to  be  simply  lateral,  bladder -like  expansions  of  special 
chromosome  regions.  Usually  the  place  where  a  nucleolus  arises  is 
marked  by  a  ‘constriction’  which  in  most  cases  hes  in  a  heterochromatic 
segment.  Many  diploid  species  of  animals  and  plants  have  a  single  pair 
of  nucleolar  chromosomes,  in  which  case  the  nucleoh  of  the  two  homo- 
logues  may  be  fused  together.  There  are,  however,  a  number  of  un¬ 
doubtedly  diploid  species  which  have  more  than  one  pair  of  nucleolar 
chromosomes  (Bauer^®;  White^^®).  Usually  the  nucleoli  disappear  be¬ 
fore  metaphase;  they  may  be  absorbed  into  the  substance  of  the 
chromosome. 

Most  authors  have  tended  to  regard  the  nucleoh  as  temporary  storage- 
reservoirs  of  material,  which  is  transferred  to  the  chromosomes  shortly 
before  metaphase.  But  they  are  probably  significant  in  other  ways  as 
weU.  Occasionally  nucleoh  have  been  observed  to  ‘bud-off’  smaller 
masses  of  nucleolar  material  which  disperse  throughout  the  nuclear  sap 
(in  snail  oocytes,  according  to  Serra  and  Queiroz  Lopes^®®).  This  nucleo¬ 
lar  material  is  almost  certainly  passed  into  the  cytoplasm ;  Duryee®®  has 
claimed  that  in  amphibian  oocytes  the  small  nucleolar  masses  actually 
pass  through  the  nuclear  membrane,  but  Painter  and  Taylor^®®  could 
find  no  evidence  of  this. 

Apart  from  the  centromere  and,  in  some  cases,  the  nucleolus-organiz¬ 
ing  region,  many  chromosomes  possess  so-called  ‘secondary  constric¬ 
tions’  (the  term  was  coined  to  distinguish  them  from  the  so-called 
‘primary  constriction’,  which  marks  the  position  of  the  centromere). 

Secondary  constrictions  appear  under  the  microscope  as  non-staining 
gaps  in  the  substance  of  the  chromosome.  Thus,  in  the  second  chromo¬ 
some  of  Drosophila  inelanogaster  the  ‘left’  limb  is  divided  by  a  secondary 
constriction  into  two  portions,  which  are  sometimes  so  widely  separated 
that  they  look  almost  like  different  chromosomes  (Kaufmann®®’®®). 

It  has  been  suggested  that  the  secondary  constrictions  represent  the 
positions  of  heterochromatic  regions,  and  a  comparison  has  been  made 
with  certain  ‘differential  regions’  of  plant  chromosomes  which  only  stain 
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faintly  after  the  organism  has  been  exposed  to  low  temperatures  (Dar¬ 
lington  and  La  Cour^®).  A  more  probable  interpretation  would  seem  to 
be  that  they  simply  represent  unusually  long  inter-chromomere  regions. 

If  electron  microscopy  could  be  used  to  reveal  the  internal  structure 
of  chromosomes  we  should,  no  doubt,  learn  a  great  deal  about  the  size 
and  number  of  chromomeres,  the  number  of  chromonemata  at  various 
stages  of  mitosis,  and  many  other  matters  bearing  on  the  number  and 
size  of  the  genes,  their  methods  of  reproduction,  &c.  Unfortunately  the 
electron-microscope  studies  of  chromosomes  which  have  been  carried 
out  up  to  the  present  time  (Buchholtz^®)  merely  indicate  that  the  techni¬ 
cal  difficulties  are  still  too  great  for  any  really  significant  results  to  be 
obtained.  If,  at  some  future  time,  the  technical  difficulties  are  overcome, 
a  whole  new  era  of  cytology  will  be  opened  up ;  but  at  present  the  out¬ 
look  in  this  direction  is  not  encouraging,  although  electron  microscopy 
has  been  used  with  considerable  success  on  bacteria  and  virus-particles. 

Usually  the  chromosomes  seem  to  be  distributed  at  random  inside  the 
nuclear  membrane  during  prophase,  but  some  exceptions  are  known. 
Thus,  heteropycnotic  chromosomes  (see  Section  c)  very  frequently  lie 
against  the  inside  of  the  nuclear  membrane  rather  than  in  the  middle 
of  the  nuclear  cavity.  At  metaphase  it  is  usual  for  the  larger  elements 
of  the  chromosome  set  to  lie  round  the  periphery  of  the  ‘plate’,  the 
smaller  chromosomes  lying  in  the  centre,  but  in  some  species  the  arrange¬ 
ment  is  less  orderly,  and  in  others  there  is  a  ‘hollow  spindle’  (i.e.  no 
chromosomes  occupy  the  central  portion  of  the  plate).  As  a  rule  there 
is  no  tendency  for  homologous  chromosomes  to  pair  or  to  Lie  particularly 
close  to  one  another  in  ordinary  somatic  divisions ;  but  in  the  two -winged 
flies  (Diptera)  homologous  chromosomes  may  be  rather  closely  paired 
during  the  prophase  stages,  and  even  at  metaphase  they  tend  to  lie 
together  on  the  plate,  parallel  to  one  another.  This  phenomenon  of 
‘somatic  pairing’  is  especially  characteristic  of  the  Diptera,  and  claims 
to  have  established  its  existence  in  other  groups  of  organisms  are  not 
very  convincing. 

6.  The  Chemical  Composition  of  Chromosomes 

According  to  the  latest  researches  of  Mirsky,  Polhster,  and  Ris 
(Mirskyi37;  Mirsky  and  Risi^i>i42.  Mirsky  and  Pollisteri38,i39.i4o.  PoUister 
and  Ris'®^;  Ris^^®)  there  are  four  main  types  of  chemical  compounds 
present  in  chromosomes :  ribose  nucleic  acid  (RNA);  desoxyribose  nu¬ 
cleic  acid  (DNA) ;  proteins  of  a  histone  or  protamine  type ;  and  a  trypto¬ 
phane-containing  protein. 

The  nucleic  acids  are  polymers  of  nucleotides,  each  nucleotide  being 
cornposed  of  one  molecule  of  phosphoric  acid,  a  pentose  sugar,  and  a 
purine  or  pyrimidine  group.  The  various  kinds  of  nucleotides  have 

ifferent  purines  or  pyrimidines  in  their  molecules.  Apart  from  this. 
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there  are  two  main  types  of  nucleotides,  which  differ  in  the  nature  of 
the  pentose.  In  those  which  form  RNA  the  sugar  is  d-ribose,  while  in 
those  which  form  DNA  it  is  desoxyribose. 

Four  different  nucleotides  have  been  identified  in  RNA  (the  adenine-, 
guanine-,  cytosine-,  and  uracil-nucleotides),  and  four  in  DNA  (the 
adenine-,  guanine-,  cytosine-  and  thymine-nucleotides).  It  is  not 
certain,  however,  that  these  are  the  only  units  which  enter  into  the 
composition  of  the  nucleic  acids,  nor  is  it  certain  that  they  exist  in 
equimolecular  proportions  in  the  polynucleotide  chains,  as  was  formerly 
believed  (Gulland’’).  ■ 

The  nature  of  the  chemical  linkages  between  the  successive  nucleo¬ 
tides  in  a  nucleic-acid  molecule  is  not  fully  understood,  but  the  mole¬ 
cular  weight  of  the  fully  polymerized  chain -molecule  is  known  to  be 
very  high.  Signer,  Caspersson,  and  Hammarsten^^®  determined  the 
molecular  weight  of  DNA  by  the  ultracentrifuge  and  found  it  to  he 
between  500,000  and  1,000,000,  while  Creeth,  Gulland,  and  Jordan  (see 
Gulland’^),  using  similar  methods,  estimated  it  at  3,000,000.  Both 
groups  of  workers  agree  that  the  molecules  are  long,  thin  rods  whose 
length  is  about  300  times  the  breadth  (Signer,  Caspersson,  and  Ham- 
marsten)  or  710  times  the  breadth  (Creeth,  Gulland,  and  Jordan).  Since 
the  average  molecular  weight  of  a  nucleotide  is  about  330,  it  seems  likely 
that  the  polymerized  nucleic-acid  molecules  in  the  chromosomes  consist 
of  1,500  to  9,000  nucleotides.  But  it  is  not  known  whether  the  different 
kinds  of  nucleotides  are  arranged  in  the  polymerized  molecule  in  any 
particular  sequence,  although  this  seems  probable  from  the  X-ray  in¬ 
vestigations  of  Astbury'*.  Obviously,  the  possibilities  of  isomerism  in 
the  nucleic  acids  are  considerable,  and  it  has  been  pointed  out  by  Gul- 
land’^^  that  their  potentialities  for  specificity  are  not  unlike  those  of  the 
proteins,  so  it  is  not  impossible  that  the  specificity  of  gene-action  de¬ 
pends  in  part  on  the  nucleic-acid  component  of  the  gene  rather  than 
on  the  protein  part  alone,  as  has  usually  been  assumed  in  the  past.  On 
the  other  hand,  it  must  be  admitted  that  there  is  no  critical  evidence 
for  the  existence  of  many  different  stereoisomeric  nucleic  acids. 

The  early  and  classical  investigations  on  the  chemistry  of  the  nucleus 
were  carried  out  mainly  on  the  sperm  of  herring,  salmon,  and  other 
teleost  fishes,  on  the  red  cells  of  bird  blood,  and  on  the  mammalian 
thymus  (Miescher^^®;  Ackermann^;  SteudeF®^;  KosseB®^).  This  work 
suggested  that  the  chromosomes  consisted  entirely  of  histone-  or  prota¬ 
mine-nucleate,  that  is,  of  a  compound  between  a  nucleic  acid  and  a  basic 
protein  of  low  molecular  weight.  According  to  Stedman  and  Stedman^®^, 
in  the  case  of  salmon  and  herring  sperm -heads  this  protein  is  a  prota¬ 
mine  (i.e.  a  relatively  small  molecule  in  which  arginine  accounts  for 
about  90  per  cent,  of  the  total  N  and  which  contains  no  tyrosine  or 
tryptophane),  while  in  cod  sperm-heads  it  is  a  histone  (a  somewhat 
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larger  molecule  in  which  arginine  only  accounts  for  about  25  per  cent, 
of  the  total  N  and  which  contains  some  tyrosine  but  little  or  no  trypto¬ 
phane). 

The  physiological  significance  of  this  difference  between  the  sperm - 
nuclei  of  different  teleost  fishes  is  obscure,  but  in  the  salmon,  where  the 
sperm-heads  contain  protamine,  the  spermatogonia  and  spermatocytes 
of  immature  testes  contain  histone  (Miescher^^®;  Stedman  and  Sted- 
man202).  would  appear,  therefore,  that  during  the  later  stages  of 
spermatogenesis  the  histone  of  the  chromosomes  is  converted  into  or 
replaced  by  protamine.  The  somatic  nuclei  of  the  salmon  (liver  and 
erythrocytes)  contain  histone,  but  not  protamine. 

Thus  far  the  work  of  the  Stedmans  confirmed  the  work  of  Miescher, 
carried  out  nearly  two  generations  ago.  But  in  addition  to  tlie  prota¬ 
mine  or  histone  they  also  found  another  protein  in  the  material  they 
studied.  This  was  insoluble  in  dilute  acids  and  alkalis,  gave  strong 
tryptophane,  tyrosine,  and  arginine  reactions,  and  was  given  the  name 
chromosomin  by  the  Stedmans. 

Using  entirely  different  methods,  Mirsky  and  his  collaborators  have 
arrived  at  somewhat  similar  results.  IVIirsky  first  grinds  the  material  to 
be  studied  (thymus,  liver,  fish-sperm,  &c.)  in  a  Waring  blender  or  a 
colloid  mill  at  a  temperature  of  3-4°  C.  The  finely  ground  material  is 
then  strained  through  fine  cloth  and  subjected  to  differential  centri¬ 
fugation  in  order  to  obtain  isolated  chromosomes,  free  from  other  cellular 
material.  The  isolated  chromosomes  are  kept  as  a  suspension  in  0-14  M 
NaCl  at  a  pH  of  approximately  6-3.  When  such  chromosomes  are  placed 
m  M  NaCl  about  90  per  cent,  of  their  weight  passes  into  a  viscous 
opalescent  solution.  Chemical  tests  show  that  this  soluble  fraction  con¬ 
sists  almost  entirely  of  nucleohistone.  The  rest  of  the  chromosomal 
material  (approximately  10  per  cent,  by  weight)  remains  in  the  form  of 
a  residual  chromosome’,  a  sort  of  ghost  of  the  original  body,  but  which 
still  shows  a  typical  chromosomal  structure,  with  differentiation  into 
euchromatic  and  heterochromatic  regions. 

These  residual  chromosomes  also  consist  of  nucleoprotein  materials. 
The  nucleic  acid  is  mainly  RNA,  there  being  about  four  parts  of  this 
to  one  part  of  DNA  in  the  case  of  residual  chromosomes  obtained  from 
thymus  lymphocytes.  The  protein  part  of  the  residual  chromosome  is 
the  tryptophane-containing  protein  (chromosomin). 

A  convenient  staining  method  which  has  been  used  by  Brachet-’* 
nuctorT-‘°  l>etweeu  ribonucleoproteins  and  deso.xyribo- 

TrlerCandthe  nf''''" 

sores  the  n  1  u  of  isolated  thymus  chromo- 

nes  the  whole  chromosome  is  stained  a  bluish  green  the  solublp 

nuc  eo  istone  green,  and  the  residual  chromosomes  red  (Mirskyi^^) 

No  doubt  a  great  deal  more  will  be  learned  about  the  cLmical 
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structure  of  chromosomes  when  adequately  purified  enzyme  prepara¬ 
tions  (ribonuclease  and  desoxyribonuclease)  are  generally  available. 
Until  recently  most  of  the  preparations  of  these  enzymes  which  have 
been  used  in  experiments  on  chromosomes  were  contaminated,  and 
possessed  considerable  proteolytic  activity. 

It  has  been  generally  beheved  that  the  Feulgen  reaction  (staining 
with  leuco -basic  fuchsin  after  hydrolysis)  is  specific  for  desoxyribose 
nucleic  acid  and  that  the  presence  of  a  red  coloration  after  Feulgen 
staining  indicates  the  presence  of  DNA  in  that  particular  part  of  the 
cell,  the  preliminary  hydrolysis  with  HCl  having  liberated  aldehyde 
groups  from  the  DNA.  The  Stedmans  have  claimed,  however,  that 
even  though  this  is  so,  the  compound  formed  between  the  stain  and  the 
aldehyde  groups  is  fully  soluble,  so  that  it  would  be  washed  out  of  the 
preparation  if  it  were  not  for  the  fact  that  it  is  adsorbed  by  the  chromosomin. 
Thus,  according  to  them,  the  red  colour  in  the  preparation  {a)  indicates 
the  presence  of  DNA,  but  (b)  is  retained  only  in  those  parts  of  the  cell 
where  chromosomin  is  present.  This  interpretation  is,  however,  in  con¬ 
flict  with  Mirsky’s  observations  on  the  fractionation  of  isolated  chromo¬ 
somes  with  molar  NaCl,  in  which  it  was  shown  that  the  soluble  fraction 
(nucleo -histone)  stains  with  the  Feulgen  reagent,  while  the  ‘residual 
chromosome’  which  contains  the  tryptophane -protein  (=  chromoso¬ 
min)  only  does  so  very  faintly — in  agreement  with  the  estimate  that  it 
contains  four  times  as  much  RNA  as  DNA. 

An  entirely  different  method  of  studying  the  nucleic  acids  of  the  cell 
was  developed  by  Caspersson,  Hammarsten,  and  Schultz.  These  workers 
have  studied  cytological  preparations  by  ultraviolet  absorption  spectro¬ 
scopy;  the  method  depends  on  the  fact  that  both  DNA  and  RNA  give 
a  specific  absorption  at  about  2,600  A.  This  absorption  depends  on  the 
pyrimidine  or  purine  part  of  the  molecule  and  hence  gives  no  informa¬ 
tion  as  to  whether  ribose  or  desoxyribose  nucleotides  are  present,  nor  as 
to  whether  they  are  polymerized  or  not.  Using  this  method,  Caspersson 
and  his  collaborators  have  demonstrated  the  presence  of  large  quantities 
of  nucleotides,  not  only  in  the  chromosomes  but  also  in  the  cytoplasm 
of  all  cells  which  are  destined  to  undergo  a  series  of  divisions  in  rapid 
succession.  Egg  cells,  meristematic  cells  in  root  tips,  and  imaginal  disk 
cells  in  insects  were  all  shown  to  contain  cytoplasmic  nucleotides,  pre¬ 
sumably  of  the  ribose  type.  These  cytoplasmic  nucleotides  are  probably 
the  reason  why  so  many  embryonic  cells  have  a  strongly  basophilic 
cytoplasm.  In  many  types  of  cells  the  nucleotides  seem  to  be  especially 
concentrated  round  the  nuclear  membrane,  so  as  to  give  rise  in  stained 
preparations  to  a  basophilic  ‘halo’  round  the  nucleus.  On  the  other 
hand,  the  spectroscopic  observations  mentioned  above  have  shown  that 
the  nuclear  sap  is  relatively  free  from  nucleic  acids,  and  so  is  the  spindle 
which  develops  from  it  at  mitosis. 
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‘Mature’  cells,  which  are  not  destined  to  undergo  any  further  divisions, 
may  or  may  not  contain  large  quantities  of  nucleotides  in  their  cyto¬ 
plasm.  Brachet^^  has  shown  that  cells  which  produce  large  quantities 
of  protein  always  have  large  amounts  of  cytoplasmic  nucleotides,  the 
largest  known  quantity  being  in  the  silk  glands  of  the  silkworm.  On 
the  other  hand,  many  types  of  cells  which  are  physiologically  very  active 
(cardiac  and  striped  muscle,  lung  cells,  and  those  of  the  endocrine  glands) 
have  only  small  quantities  of  cytoplasmic  nucleotides.  The  nucleotide 
content  of  a  cell  may  be  experimentally  altered  in  various  ways — thus 
pancreatic  cells  show  a  fall  in  cytoplasmic  nucleotides  after  intense 
stimulation  (Caspersson,  Hyden,  and  Aquilonius^^). 

There  is  no  evidence  that  the  cytoplasmic  nucleotides  are  polymerized 
to  the  same  extent  as  those  in  the  chromosomes,  and  their  relationships 
to  the  cytoplasmic  proteins  are  also  not  clear.  Since  very  large  quan¬ 
tities  of  nucleic  acids  are  localized  on  the  chromosomes  during  cell 
division,  it  seems  hkely  that  the  cytoplasmic  nucleotides  serve  as  a 
source  of  nucleic  acids  from  which  the  chromosomes  derive  their  supply. 
If,this  is  so,  the  early  stages  of  mitosis  probably  involve  the  transference 
of  nucleotides  from  the  cytoplasm  to  the  nucleus,  their  conversion  from 
ribose  into  desoxyribose  nucleotides  (the  chemistry  of  this  conversion 
is  not  understood),  and  their  polymerization  into  long  chains.  Thus  we 
may  postulate  the  existence  of  a  regular  cycle  of  changes,  which  must 
be  reversed  at  the  end  of  each  mitosis,  when  the  nucleic  acid  is  sur¬ 
rendered  by  the  chromosomes. 

It  will  be  reahzed  from  the  above  account  that  although  the  main 
chemical  constituents  of  the  chromosomes  seem  now  to  have  been 
identified,  when  we  come  to  consider  their  relationship  to  one  another 
and  their  role  in  heredity  and  in  protein  synthesis  we  enter  the  realm 
of  speculation  and  hypothesis.  Such  ‘elementary  particles’  as  viruses 
seem  to  have  only  one  nucleic  acid  (DNA  in  the  rabies,  verruca,  and 
neurovaccinia  viruses,  RNA  in  the  viruses  of  polyomyehtis  and  looping 
ill,  according  to  Hyden92);  but  the  chromosomes  of  all  higher  organisms 
probably  contain  both  RNA  and  DNA. 

The  fact  that  nucleic  acids  are  present  in  all  types  of  self-duplicating 
particles  (genes,  viruses,  plastids,  &c.)  has  suggested  that  they  play  an 
essential  role  in  the  synthesis  of  proteins.  But  just  what  this  role  is 
is  not  clear.  One  suggestion  (Mulleri'^S;  Spiegelman  and  Kamen^^^)  is 

that  the  nucleic  acids  ‘funnel  energy  into  the  protein  synthesizing 
mechamsm  .  ^ 

An  entirely  different  suggestion  as  to  the  relationship  between  nucleic 
acids  and  proteins  has  been  made  by  Astbury  and  Bell5.«  who  have 
pointed  out  that  the  distances  between  the  nucleotides  in  the  long 
polymerized  nucleic-acid  molecules  is  of  the  same  order  of  magnitude 

607.  between  the  successive  amino-acids  in  a  fully  extended 
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polypeptide  chain,  so  as  to  permit  a  zipper-like  union  between  them. 
They  have  suggested  that  this  apparently  accidental  correspondence  be¬ 
tween  the  spacing  of  the  essential  units  in  these  two  very  different 
types  of  molecule  may  be  the  essential  basis  of  the  auto-reproductive 
capacity  of  nucleo-proteins. 

On  the  one  hand,  we  have  the  suggestion  of  Gulland  that  gene- 
specificity  resides  in  the  nucleic-acid  part  of  the  molecule,  rather  than 
in  the  protein  part,  a  view  which  was  almost  necessary  so  long  as  it 
was  believed  that  the  protein  was  a  single  protamine  or  histone,  and 
that  histone  could  be  replaced  by  protamine  in  the  course  of  spermato¬ 
genesis.  On  the  other  hand,  now  that  we  know  of  the  existence  of  higher 
tryptophane-containing  proteins  in  the  chromosomes  it  is  evident  that 
they  could  theoretically,  either  by  themselves  or  in  combination  with 
highly  specific  nucleic  acids,  provide  the  basis  for  gene-specificity. 

Usually  the  transference  of  nucleo-protein  materials  to  or  from  the 
chromosomes  cannot  be  directly  demonstrated  by  staining  methods. 
In  certain  cases,  how'ever,  the  chromosomes,  when  they  divide  at  ana¬ 
phase  (or  rather,  when  their  chromatids  separate)  appear  to  slough  off 
a  certain  amount  of  material,  which  is  almost  certainly  nucleo-protein, 
and  which  then  forms  a  definite  body  lying  in  the  spindle,  mid-way 
between  the  two  daughter-chromosomes  as  they  pass  to  the  poles.  This 
phenomenon  is  well  shown  during  the  meiotic  (maturation)  divisions  in 
the  eggs  of  certain  moths  (Seiler^®^’^®®),  and  a  similar  process  takes  place 
in  both  the  meiotic  and  the  cleavage  divisions  of  the  mite  Pediculopsis 
(Cooper'*®).  In  both  cases  the  bodies  which  are  left  behind  in  the  equa¬ 
torial  part  of  the  spindle  are  Feulgen-negative  but  stain  with  ordinary 
basic  dyes  such  as  haematoxylon  and  crystal  violet  (Plate  1,  Figs.  1 
and  2).  In  Pediculopsis,  where  the  haploid  chromosome  number  is  only 
3,  it  can  be  seen  very  clearly  that  each  of  the  ‘elimination-bodies’  corre¬ 
sponds  to  a  pair  of  daughter-chromosomes.  The  elimination-bodies, 
both  in  moths  and  Pediculopsis,  are  temporary  structures,  which  dis¬ 
appear  after  each  division,  being  probably  broken  down  by  cytoplasmic 
enzymes.  It  is  interesting  to  note  that  in  the  related  mite  Pediculoides 
no  elimination  bodies  appear  to  be  formed  (Patau*®®  *®*). 

Whenever  a  number  of  mitoses  occur  within  a  short  space  of  time,  as 
during  the  early  cleavage  divisions  in  many  embryos,  the  total  number 
of  chromosomes  in  the  body  undergoes  a  very  rapid  increase.  Where 
do  the  materials  (proteins  and  nucleotides)  needed  for  the  formation  of 
these  new  chromosomes  come  from  ?  In  all  cases  they  are  probably 
derived  from  the  egg  cytoplasm,  but  in  some  special  cases  this  probably 
receives  proteins  and  nucleotides  from  some  external  source.  Thus  it 
has  been  suggested  by  Painter*®®  that  in  insect  eggs,  where  a  number 
of  endopolyploid  nur.se-cell  nuclei  undergo  degeneration  at  about  the 
time  the  maturation  divisions  are  taking  place  in  the  egg,  the  consti- 
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tiient  molecules  of  thousands  of  chromosomes  from  these  nuclei  pass 
into  the  egg-cytoplasm,  where  they  are  used  again  in  the  building  up  of 
new  chromosomes  in  the  cleavage  divisions. 

The  chemical  composition  of  nucleoli  has  been  considerably  debated. 
Caspersson^®,  using  spectrophotometric  methods,  concluded  that  nu¬ 
cleoli  were  rich  in  histone,  and  his  conclusions  were  accepted  by  Dar- 
hngton^^.  His  methods  have,  however,  been  criticized  by  Pollister  and 
Rigi62  using  an  improved  method,  found  that  all  the  protein  in 
nucleoli  of  maize-pollen  mother-cells  was  of  the  non-histone  type.  They 
state  that  these  nucleoli  are  about  3  micra  in  diameter,  have  a  volume 
of  1-16  X  10“i®  cm.®,  and  contain  about  5x  lO-^^  gram  of  protein. 

The  nucleic  acid  present  in  nucleoh  appears  to  be  mainly  or  entirely 
RNA.  This  accounts  for  the  fact  that  nucleoli  do  not  usually  stain  with 
the  Feulgen  technique.  The  fact  that  some  nucleoli  stain  with  ‘  ordinary’ 
nuclear  dyes  such  as  carmine,  orcein,  and  crystal  violet  may  be  due 
to  differences  in  the  relative  amounts  of  RNA  and  protein  present.  It 
is  probable  that  the  chemical  composition  of  nucleoli  varies  rather 
widely  from  one  organism  to  another,  so  that  it  would  be  unwise  to 
regard  Pollister  and  Ris’s  analysis  of  the  maize  nucleolus  as  necessarily 
applicable  to  the  nucleoli  of  other  plants  and  animals. 

c.  Heterochromatin  and  Euchromatin 

Ever  since  the  beginning  of  the  century  it  has  been  known  that  some 
chromosomes  or  portions  of  chromosomes  exist  in  a  condensed,  dark- 
staim'ng  condition  at  stages  in  the  nuclear  cycle  when  the  remaining 
chromosomes  or  chromosomal  regions  are  diffuse  and  light-staining. 
This  property  of  heteropycnosis  is  especially  characteristic  of  sex -chro¬ 
mosomes,  such  as  the  Y-chromosome  of  Drosophila  species  and  the 
X-chromosomes  of  grasshoppers,  but  is  also  shown  by  many  autosomal 
chromosome  regions,  and  sometimes  by  whole  autosomes. 

Chromosomal  regions  which  are  hable  to  exhibit  the  phenomenon  of 
heteropycnosis  may  be  called  heterochromatic  (=  composed  of  hetero¬ 
chromatin),  while  regions  which  never  show  heteropycnosis  may  be 
referred  to  as  euchromatic  {=  composed  of  euchromatin).  This  termino- 
logy  is  useful,  as  we  frequently  have  to  refer  to  regions  which  are  not 
heteropycnotic  at  the  particular  stage  of  the  nuclear  cycle  we  are  con¬ 
sidering,  but  do  show  heteropycnosis  at  some  other  stage. 

Two  different  types  of  heteropycnosis  are  known  which  seem  to  be 
opposite  in  nature.  On  the  one  hand  the  heterochromatic  regions  may 
be  thicker  and  more  dark-staining  than  the  euchromatic  ones.  In  this 
case  the  heterochromatin  has  presumably  synthesized  more  nucleic  acid, 
and  possibly  more  protein  as  well.  We  shall  refer  to  this  as  positive 
heteropycnosis.  A  positively  heteropycnotic  chromosome  in  a  prophase 
nucleus  looks  hke  a  metaphase  chromosome. 
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On  the  other  hand,  a  heterochromatic  region  or  chromosome  may 
appear  thinner  and  stain  more  weakly  than  euchromatic  regions  in  the 
same  nucleus.  This  type  of  behaviour  may  be  called  negative  hetero- 
pycnosis.  Negatively  heteropycnotic  chromosomes  usually  have  a  floc- 
culent,  ‘fuzzy’  outline:  at  metaphase  they  still  look  like  prophase 
chromosomes. 

Heteropycnosis  may  be  manifested  in  resting  nuclei,  or  at  any  part 
of  the  mitotic  cycle:  it  may  be  described  as  a  ‘natural  experiment’,  the 
euchromatic  regions  in  the  same  nucleus  constituting  a  standard  or 
‘control’  with  which  the  heteropycnotic  ones  can  be  compared. 

In  some  organisms  only  one  of  the  two  types  of  heteropycnosis  exists. 
Thus,  in  the  long-horned  grasshoppers  (Tettigoniidae)  the  X-chromo- 
somes  are  positively  heteropycnotic  in  the  resting  and  prophasic  sperma- 
togonial  nuclei  and  also  at  various  stages  of  meiosis,  but  neither  they 
nor  any  of  the  sometimes  extensive  heterochromatic  regions  in  the  auto- 
somes  ever  show  negative  heteropycnosis.  In  the  short-horned  grass¬ 
hoppers  (Acrididae),  on  the  other  hand,  both  positive  and  negative 
heteropycnosis  exists,  and  the  X-chromosome  passes  through  a  regular 
cycle  in  the  course  of  spermatogenesis,  being  negatively  heteropycnotic 
during  the  early  spermatogonial  divisions  (at  least  in  the  prophases  and 
metaphases),  non-heteropycnotic  (i.e.  behaving  hke  euchromatin)  in  the 
later  spermatogonial  divisions,  and  positively  heteropycnotic  during  the 
prophase  of  meiosis.  In  some  species,  such  as  Mecostethus  grossus,  they 
may  once  more  become  negatively  heteropycnotic  in  the  metaphase  of 
the  first  meiotic  division  and  then  positively  heteropycnotic  once  more 
in  the  interkinetic  (secondary  spermatocyte)  and  spermatid  nuclei.  This 
‘reversal  of  heteropycnosis’  is  clearly  a  fact  of  considerable  interest,  but 
the  factors  which  determine  it  have  not  been  investigated.  Possibly 
the  chemical  composition  of  the  protein  framework  of  the  chromosome 
changes  in  some  way,  or  perhaps  the  reversal  is  due  to  changes  in  the 
cytoplasm  or  in  the  nuclear  sap.  It  is  of  interest  that  in  these  short¬ 
horned  grasshoppers  the  heterochromatic  regions  of  the  autosomes, 
which  are  quite  extensive  in  many  species,  do  not  show  this  reversal, 
being  non-heteropycnotic  in  certain  stages  of  spermatogenesis,  posi¬ 
tively  heteropycnotic  at  other  times  (Text-fig.  1).  If,  as  we  have  tacitly 
assumed,  heteropycnosis  is  a  property  of  the  nucleo -protein  framework 
of  the  chromosome,  then  there  must  be  at  least  three  different  kinds 
of  framework  in  the  chromosome  set  of  these  grasshoppers — one  in  the 
X,  one  in  the  autosomal  heterochromatic  regions,  and  a  third  in  the 
euchromatic  regions.  More  probably  there  are  many  varieties  of  hetero¬ 
chromatin  and  euchromatin,  constituting  a  continuous  ‘spectrum’,  to 
the  two  ends  of  which  the  terms  heterochromatin  and  euchromatin  are 
somewhat  arbitrarily  applied. 

One  property  of  heterochromatic  regions  is  their  tendency  to  become 
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aggregated  together  in  resting  or  prophase  nuclei.  Thus,  in  the  grass¬ 
hoppers  mentioned  above,  where  there  is  an  autosome  with  extensive 
heterochromatic  regions  (a  ‘megameric’  chromosome)  this  element  fre¬ 
quently  hes  alongside  the  X  in  the  prophase  of  meiosis,  or  even  appears 
to  be  stuck  on  to  its  side.  In  the  bug  Edessa  irrorata  (Schraderi’»)  the 
chromosomes  contain  extensive  heterochromatic  regions  which  tend  to 
stick  together  during  the  prophase  stages  of  meiosis  in  the  male.  Similar 
cases  have  been  described  in  other  groups  of  animals,  and  it  would  seem 


Text-fig.  I.  Diagrams  of  a  spermatogonial  metaphase  and  the  diakinesis  stage  of 
meiosis  in  a  short-horned  grasshopper  such  as  Mecostethus  grossus.  Only  two  pairs 
of  autosomes  and  the  X-chromosome  are  shown  (there  would  actually  be  eleven  pairs  of 
autosomes).  A  and  A  are  a  normal  pair  of  autosomes,  euchromatic  except  for  a  short 
region  next  to  the  centromere,  h  and  h  are  a  pair  of  autosomes  with  an  extensive  hetero¬ 
chromatic  region  and  a  shorter  one  at  the  otlier  end  of  the  chromosome.  It  will  be  seen 
that  the  heteropycnosis  of  the  X  is  negative  in  the  spermatogonial  metaphase,  positive  at 
diakinesis.  On  the  other  hand,  the  heteropycnosis  of  the  heterochromatic  autosomal 
regions  is  only  shown  at  diakinesis,  when  it  is  positive  in  character.  (After  White®*.) 


that  wherever  extensive  heterochromatic  segments  are  present  they  will 
show  a  tendency  to  stick  together.  Whether  this  reaUy  demonstrates 
the  existence  of  a  force  of  attraction  between  them  is  much  more  doubt¬ 
ful,  however.  Some  authors  have  regarded  this  fusion  of  heterochromatic 
regions  as  demonstrating  some  kind  of  genetic  homology  between  the 
heterochromatic  blocks,  while  others  have  spoken  of  it  as  a  non-homo - 
logons  association.  In  Drosophila  species  the  main  heterochromatic 
regions  of  aU  the  chromosomes  are  joined  together  in  the  salivary  gland 
nuclei  to  form  the  so-caUed  chromocentre  (see  Section  g). 

The  early  geneticists  soon  discovered  that  (in  Drosophila  at  any  rate) 
heterochromatic  regions  possessed  very  little  genetical  activity.  Thus 
the  Y-chromosome,  which  is  positively  heteropycnotic  at  various  stages 
of  the  nuclear  cycle  and  which  behaves  as  heterochromatin  in  the  salivary 
gland  nuclei  (see  Section  g),  is  almost  completely  inert,  genetically.  In 
Drosophila  melanogaster  the  proximal  region  of  the  X-chromosome  is 
also  heterochromatic  and  ‘inert’,  and  so  are  short  regions  in  the 
middle  of  the  second  and  ‘third’  chromosomes,  as  well  as  certain 
portions  of  the  tiny  fourth’  chromosome.  Numerous  much  shorter 
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lieterochromatic  sections  are  scattered  throughout  the  euchromatic 
regions,  according  to  the  evidence  of  the  salivary  gland  chromosomes 
(see  Section  g). 

It  now  seems  probable  that  the  association  of  heterochromatin  and 
genetical  inertness  is  a  very  general  one  which  possibly  occurs  in  all 
animals  and  plants — a  fact  which  is  of  some  use  to  the  geneticist,  since 
it  means  that  he  can  predict  the  genetically  active  and  inert  regions  of 
the  chromosome  set  from  a  rapid  cy  tological  examination  of  his  material 
instead  of  having  to  wait  for  the  results  of  a  complete  genetical  analysis. 
We  may  predict,  tor  example,  that  the  ‘megameric’  autosome  found  in 
many  of  the  short-horned  grasshoppers  is  mainly  inert. 

In  the  case  of  the  Y-chromosome  in  Drosophila  melanogaster  we  know 
that  males  lacking  it  (so-called  XO  males)  are  quite  viable,  but  they  are 
sterile  owing  to  their  sperms  being  non-motile.*  By  studies  on  flies 
lacking  parts  of  the  Y,  rather  than  the  whole  chromosome,  it  has  been 
shown  that  there  are  several  genes  situated  in  the  Y,  all  of  which  are 
necessary  to  ensure  full  motility  of  the  sperm.  The  Y  also  seems  to 
contain  the  wild-type  allele  of  the  bobbed  gene.  It  has  been  shown  by 
cytological  studies  that  in  the  salivary  gland  nuclei  (see  Section  g)  the 
Y-chromosome  shows  about  eight  rather  indistinct  bands  and  it  is 
probable  that  each  of  these  corresponds  to  a  gene,  most  of  these  genes 
being  ones  whose  effects  are  only  manifested  in  the  sperm. 

In  addition  to  its  effect  on  sperm  motility,  Mather^^?  claimed 
that  the  Y-chromosome  of  D.  melanogaster  carries  genes  which  affect  the 
number  of  sternopleural  bristles  of  the  fly.  He  beheves  that  the  hetero¬ 
chromatin  carries  large  numbers  of  genes  whose  individual  effects  are 
slight  but  cumulative,  which  he  calls  polygenes,  in  contrast  to  the  ‘  major’ 
genes  which  produce  large-scale  effects.  A  somewhat  similar  stand¬ 
point  is  taken  up  by  Pontecorvo^®^  who,  following  Caspersson  (see  Cas- 
persson  and  Santesson^^),  regards  each  heterochromatic  segment  as  built 
up  of  a  large  number  of  identical  or  at  least  very  similar  genes,  thus 
leading  to  a  condition  in  which  its  genetic  effects  are  non-specific,  or 
at  any  rate  much  less  specific  than  those  of  euchromatic  regions.  This 
is  in  accordance  with  the  well-known  fact  that  deletions  and  duplica¬ 
tions  of  heterochromatin  are,  in  general,  much  less  harmful  than  dele¬ 
tions  or  duplications  of  euchromatic  segments  of  about  the  same  size. 
It  also  agrees  well  with  the  observation  that  closely  related  species  of 
Drosophila  sometimes  possess  very  different  amounts  of  heterochroma¬ 
tin  (Wharton^i®;  White^^®). 

Can  we  regard  the  Y-chromosome  of  Drosophila  melanogaster  as  com¬ 
pletely  heterochromatic  ?  Possibly — but  until  the  term  can  be  given  a 
more  precise  definition  the  question  must  remain  open.  It  seems  likely 
that  there  are  no  completely  euchromatic  chromosomes,  i.e.  that  all 
*  Apparently  the  X-bearing  sperms  of  XO  males  arc  also  non-motilo. 
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chromosomes  generally  regarded  as  euchromatic  and  genetically  ‘active’ 
contain  some  heterochromatic  and  ‘inert’  segments;  but  the  converse 
proposition,  that  all  heterochromatic  chromosomes  contain  euchroma¬ 
tic  regions,  is  not  necessarily  true.  But  the  criteria  for  distinguishing 
heterochromatin  are  not  precise  enough,  and  if  a  chromosome  is  hetero¬ 
chromatic  for  nine-tenths  of  its  length,  the  remaining  one-tenth  con¬ 
sisting  of  short  euchromatic  segments,  it  would  probably  be  described 
as  ‘totally  heterochromatic’  except  in  an  organism  possessing  sali¬ 
vary  gland  chromosomes,  where  a  more  detailed  type  of  analysis  is 


possible.  i.  ij 

It  is  not  easy  to  understand  why  genetically  inert  chromosomes  should 

have  persisted  in  the  course  of  evolution.  Most  probably  all  hetero¬ 
chromatic  segments  and  chromosomes  possess  ‘residual’  genetic  func¬ 
tions  such  as  have  been  shown  to  exist  in  the  ca.se  of  the  Y-chromosome 
in  Drosophila.  Caspersson  and  Schultz'*^  claimed  that  the  oocytes  of 
XXY  females  in  Drosophila  contained  larger  quantities  of  cytoplasmic 
nucleotides  than  those  of  normal  XX  females.  Taken  in  conjunction 
with  Bridges’s^^  claim  that  the  bands  of  the  salivary  gland  chromosomes 
of  XXY  females  stain  more  intensely  than  those  of  XX  larvae,  this 
would  seem  to  suggest  that  the  Y  may  elaborate  ‘extra’  nucleic  acids 
which  are  passed  on  to  the  other  chromosomes  and  to  the  cytoplasm. 
But  Callan^e  pag  recently  disputed  the  claim  of  Caspersson  and  Schultz, 
having  been  unable  to  find  any  difference  in  the  nucleotide  content  of 
the  eggs  of  XXY  and  XX  females,  using  an  improved  technique,  and 
other  workers  on  salivary  gland  chromosomes  have  failed  to  confirm 
Bridges’s  conclusion.  It  would  thus  appear  that  we  should  look  to  the 
specific  properties  of  heterochromatin  rather  than  to  its  general  bio¬ 
chemical  properties  for  an  explanation  of  the  survival  of  heterochromatic 
regions  and  chromosomes  in  evolution. 

In  certain  species  of  both  animals  and  plants  so-called  supernumerary 
chromosomes  are  present  in  some  individuals  but  not  in  others,  the 
number  of  supernumerary  elements  frequently  varying  very  greatly 
from  one  individual  to  another.  In  some  cases  these  supernumerary 
chromosomes  seem  to  be  derived  from  the  sex-chromosomes.  Thus  in 
the  bed  bug  the  number  of  heterochromatic  X-chromosomes  varies  from 
3  to  15  (Slack^^^;  Darlington^^).  It  is  probable  that  only  two  or  three 
of  these  really  have  a  sex -determining  function,  the  others  being  inert 
or  nearly  so.  They  may,  however,  possess  slight  genetic  properties 
which  have  prevented  them  from  being  lost  in  the  course  of  evolution. 
In  the  maize  plant  certain  supernumerary  chromosomes  (known  as  B- 
chromosomes)  may  be  present  in  some  strains,  where  they  vary  in  num¬ 
ber  from  0  to  about  30;  high  numbers  of  B -chromosomes  seem  to  diminish 
the  viabihty  and  fertility  of  the  plant,  according  to  Randolph^^^  so  that 
they  cannot  be  accumulated  indefinitely. 
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A  special  type  of  heteropycnosis  occurs  in  the  males  of  certain  scale- 
insects,  where  one  entire  haploid  set  of  chromosomes  is  heteropycnotic 
(Schraderi75.i76.  Hughes  Schrader®*;  Thomsen^is).  This  heteropycnosis 
of  half  the  somatic  chromosome  set  apparently  exists  in  all  the  tissues 
as  well  as  during  spermatogenesis.  Some  genetic  evidence  (Dickson®^; 
see  also  White22i)  indicates  that  it  is  probably  the  chromosomes  of 
paternal  origin  which  behave  in  this  manner.  They  have  presumably 
been  ‘preconditioned’  by  their  passage  through  the  sperm,  so  as  to 
render  them  heteropycnotic  in  a  male  but  not  in  a  female  scale-insect. 
Clearly,  heteropycnosis  cannot  be  an  indication  of  genetical  inertness 
in  this  case,  since  chromosomes  which  are  non -heteropycnotic  in  one 
generation  will  give  rise,  in  the  course  of  successive  divisions,  to  chromo¬ 
somes  which  are  heteropycnotic  in  the  next  generation.  It  is  possible, 
however,  that  these  scale-insect  chromosomes  contain  extensive  hetero- 
chromatic  (=  inert)  segments  and  that  these  show  such  a  degree  of 
heteropycnosis  in  the  case  of  paternal  chromosomes  in  a  male  individual 
that  the  euchromatic  regions  are  obscured.  An  analogous  case,  where 
chromosomes  which  are  undoubtedly  genetically  ‘active’  show  intense 
positive  heteropycnosis,  occurs  in  the  spermatogonia  and  oogonia  of 
certain  gall-midges  (White223>224j 

d.  Spiral  Structure  of  Chromosomes 

Spiral  structure  was  first  observed  in  chromosomes  of  the  plant 
Tradescantia  by  Baranetsky^^  jn  1880,  but  it  was  not  until  much  later 
that  it  was  realized  that  this  is  the  normal  structure  of  all  late  prophase 
and  metaphase  chromosomes  and  presumably  also  for  those  chromo¬ 
somes  and  chromosomal  regions  which  remain  ‘condensed’  during  the 
resting  stage.  The  cyhndrical  appearance  of  the  chromosomes  (or  chro¬ 
matids)  at  metaphase  is  thus  a  deceptive  one,  each  apparently  sohd 
rod  being  really  a  -tightly  coiled  spiral.  Thus  the  thread  along  which 
the  genes  are  spaced  is  in  reality  a  good  deal  longer  than  the  metaphase 
chromosome.  The  spiral  is  a  compact  one,  in  which  there  is  virtually 
no  space  left  between  the  gyres  or  in  the  centre  of  the  coil,  so  that  the 
usual  methods  of  fixation  and  staining  are  inadequate  for  revealing  the 
spiral  structure  except  in  particularly  favourable  cases,  and  special 
techniques  have  to  be  employed.  These  either  lead  to  an  artificial  sepa¬ 
ration  of  the  gyres  or  dissolve  away  a  certain  amount  of  ‘matrix’ 
material  covering  them. 

In  ‘smears’  of  pollen  mother-cells  appropriately  stained  the  spiral 
structure  of  the  meiotic  chromosomes  can  sometimes  be  seen  without 
any  special  treatment,  but  some  form  of  pre-treatment  (i.e.  exposure  of 
the  cells  to  a  chemical  agent  before  fixation)  is  usually  necessary  in  order 
to  reveal  the  details  of  spiral  structure.  Kuwada  and  Nakamura'*®  used 
ammonia  vapour,  Oura'®®  used  solutions  of  potassium  cyanide,  while 
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other  workers  have  used  boiling  water  (Sakaniura^^^),  desiccation  (Hus- 
kins  and  Smith^®),  or  immersion  in  distilled  water  (Matsuura^^i)^  Most 
of  the  work  has  been  carried  out  on  plants  with  particularly  large  chro¬ 
mosomes,  notably  Tvadcscdiitici,  TTilliuin,  Fritilldvia,  Ithoco,  and  the 
ferns  OsmuTidd  and  TodBd,  but  spiral  structure  can  also  be  seen  in  plants 
with  much  smaller  chromosomes,  such  as  wheat  (Huskins®^).  In  animal 
material  it  is  much  harder  to  demonstrate  spiral  structure  in  the  chro¬ 
mosomes,  but  it  has  been  seen  in  mitotic  and  meiotic  chromosomes  of 
many  species  of  grasshoppers  (Makino^^a;  white^i®;  Coleman^’;  Geit- 
ler’®). 

The  whole  cycle  of  mitosis  can  be  regarded  as  a  cycle  of  spiralization 
and  unspiralization,  a  new  coiling-system  being  formed  in  the  protein 
framework  at  each  division.  This  coiling  develops  during  prophase. 
At  first  the  gyres  are  very  numerous  and  of  small  radius;  as  prophase 
develops  they  decrease  in  number  as  their  radius  increases,  so  that  the 
condensed  metaphase  chromosomes  have  relatively  few  large  coils ;  the 
number  of  coils  wiU  be  2Z/d  in  a  compact  metaphase  chromatid,  where 
I  is  the  length  and  d  the  diameter.  Usually  the  coils  of  one  mitosis 
persist  to  some  extent  through  the  resting  stage,  so  that  they  can  still 
be  recognized  as  loose  ‘relic  spirals’  in  the  prophase  of  the  next  division, 
superimposed  on  the  new  coils  which  are  forming  -within  the  chromatids. 
These  rehc  spirals  can  be  seen  very  clearly  in  the  spermatogonia  of  some 
of  the  long-horned  grasshoppers  (Tettigoniidae);  a  good  idea  of  their 
appearance  can  be  gained  from  Plate  2,  Figs.  1  and  2.  They  disappear 
before  metaphase,  the  new  coihng-system  having  fully  developed  by 
that  time. 

At  meiosis  each  of  the  chromosomes  of  which  the  bivalents  are  com¬ 
posed  is  coiled  in  a  -wide -gyred  spiral.  The  two  chromatids  are  coiled 
together  and  may,  in  addition,  be  twisted  around  one  another.  It  was 
long  ago  pointed  out  by  Kuwada  that  if  two  threads  are  coiled  in  such 
a  manner  that  they  run  strictly  parallel  throughout  their  length,  they 
cannot  be  separated  -without  uncoiling,  since  they  will  be  interlocked 
at  each  turn  of  the  spiral.  On  the  other  hand,  if  each  thread  is  rela- 
tionally  coiled  around  the  other  at  each  turn  of  the  spiral  no  interlocks 
will  be  produced  and  the  threads  can  separate  freely  from  one  another. 
Kuwada^®®  calls  the  former  type  of  spiralization  orthospirdl,  the  latter 
dnorthospirdl;  Matsuurai®^  uses  the  terms  reldtiondl  and  pdrdllel  in  the 
same  sense,  while  Sparrow,  Huskins,  and  Wilson^®®  and  Huskins®^  speak 
of  plectonemic  and  pdrdnemic  coils.  Usually,  sister-chromatid  coils  at 
the  first  meiotic  division  are  paranemic,  so  that  the  chromatids  can 
separate  easily  at  the  anaphases  of  the  two  meiotic  divisions.  At  least, 
this  is  the  case  in  Trillium  (Huskins®^;  Matsuurai®^).  in  Trddescdntiu] 
however,  plectonemic  coifing  of  sister-chromatids  seems  to  occur, 
according  to  the  observations  of  Shinke  (Kuwadai®"^).  It  may  be 
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significant  in  this  respect  that  in  Trillium  there  is  httle  terminalization 
of  chiasmata  between  diplotene  and  first  metaphase,  and  httle  or  no 
uncoiling  of  the  chromatids  occurs  between  the  two  meiotic  divisions ; 
while  in  Tradescantia  the  chiasmata  have  moved  to  the  ends  of  the 
bivalents  before  the  coifing  of  the  sister-chromatids  is  fully  developed, 
and  the  coifing  is  at  least  partly  unwound  during  the  interkinesis  stage 
between  the  two  meiotic  divisions.  Thus  we  can  understand  why  in 
Trillium  paranemic  coifing  of  sister-chromatids  is  necessary  for  them 
to  be  able  to  separate  freely  at  the  meiotic  anaphases,  while  in  Trades¬ 
cantia  plectonemic  coifing  is  possible,  since  the  coils  are  unwound  before 
they  separate  and  are  replaced  by  a  fresh  set  of  gyres. 

In  mitotic  divisions  each  chromosome  or  chromatid  only  possesses 
a  single  spiral,  but  in  the  chromosomes  of  the  first  meiotic  division  in 
some  plants  the  thread  which  forms  the  ‘major’  spiral  seems  to  be  itself 
coiled  in  a  ‘minor’  spiral,  so  that  the  whole  structure  resembles  the 
‘coiled-coil’  filaments  of  certain  electric  lamps.  In  most  cases  the  major 
coil  of  the  first  meiotic  division  disappears  during  the  interkinesis,  the 
minor  spiral  becoming  the  main,  and  perhaps  the  only,  system  of  coils 
present  during  the  second  meiotic  division.  It  should  be  emphasized 
that  the  ‘minor’  spiral  of  the  first  meiotic  division  can  only  be  seen 
under  exceptionally  favourable  circumstances  in  plants  with  very  large 
chromosomes  (it  has  never  been  demonstrated  in  animal  chromosomes), 
that  the  distance  between  its  gyres  is  only  just  resolvable  under  the 
microscope,  and  that  there  is  no  reason  to  believe  a  minor  spiral  exists 
in  all  organisms.  Some  workers  describe  a  ‘waviness’  or  ‘zig-zag’  of  the 
chromonema  rather  than  a  true  minor  spiral.  Oura^^^  has,  however, 
published  a  remarkably  convincing  photograph  of  the  minor  spiral  in 
Tradescantia,  so  that  there  is  no  reason  to  doubt  its  existence  in  some 
organisms,  at  any  rate. 

It  was  for  some  years  a  matter  of  controversy  whether  the  direction 
of  coiling  (right-  or  left-handed)  was  constant  or  at  randoi?i  for  any 
particular  chromosome  or  chromosomal  region.  There  is  now  over¬ 
whelming  evidence,  both  for  plant  and  animal  chromosomes  (Mat- 
suurai30.i3i;  Nebefi^i;  White^i^),  that  it  is  at  random.  Frequently  the 
direction  of  coifing  may  be  reversed  at  the  centromere  (Sparrow^®’),  and 
reversals  have  also  been  observed  by  some  workers  at  other  points  along 
the  length  of  the  chromosome  (Huskins  and  Wilson®®;  Sparrow,  Huskins, 
and  Wilson!®®;  Matsuura!®^;  White®!®).  The  fact  that  the  direction  of 
coifing  in  any  particular  chromosome  is  not  constant  is,  incidentally, 
evidence  that  a  new  set  of  spirals  is  formed  at  each  mitosis,  since  if  the 
same  spiral  persisted  from  division  to  division  we  should  expect  that 
all  the  descendants  of  a  single  chromosome  should  be  coiled  in  the  same 
direction.  It  has  been  shown,  however,  that  a  cyst  of  3-  or  64  grass 
hopper  spermatogonia,  all  derived  from  a  single  ancestral  cell  in  the 
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course  of  five  or  six  divisions,  may  contain  an  approximately  equal 
number  of  right-handed  and  left-handed  X-chromosomes  (White^i 

Both  euchromatic  and  heterochromatic  regions  of  chromosomes  are 
spirally  coiled,  but  since  the  number  of  coils  per  unit  of  length  is  in¬ 
versely  proportional  to  the  diameter  of  the  chromosome  the  hetero¬ 
chromatic  regions  will  possess  more  coils  (of  smaller  amphtude)  when 
negatively  than  when  positively  heteropycnotic. 

e.  Chromosome  Reproduction 

The  abihty  of  the  chromosomes  to  reproduce  themselves  is  one  of 
their  most  remarkable  characteristics,  although  it  is  a  property  which 
is  also  shown  by  virus  particles  and  probably  also  by  various  types  of 
self-duplicating  particles  in  the  cytoplasm,  such  as  the  kappa-substance 
of  Paramecium  (Sonneborn^^^’^®®). 

On  physico-chemical  grounds  the  duplication  of  a  body  composed  of 
nucleo -protein  molecules  is  believed  to  consist  in  the  formation  of 
‘copies’  of  the  original  molecules  alongside  the  original  or  ‘model’  mole¬ 
cules.  In  general,  the  copies  must  be  exact  replicas  of  the  models,  but 
‘errors’  in  rephcation  have  been  postulated  as  the  physico-chemical 
basis  of  gene-mutation.  Recently  Prokofieva-Belgovskaya^®^  has  put 
forward  a  general  theory  of  chromosomal  reproduction,  according  to 
which  ‘daughter’  chromosomes  exhibit  quite  general  differences  (e.g.  in 
staining  capacity)  from  ‘  mother’  chromosomes.  Her  evidence  has,  how¬ 
ever,  been  criticized  by  Lortz^^®  and  Muller^^^,  and  her  ideas  seem  un¬ 
likely  to  gain  general  acceptance  (Kaufmann^®).  It  is,  in  fact,  quite 
uncertain  whether  the  two  chromosomes  which  are  derived  from  one  at 
cell  division  are  related  as  ‘mother’  and  ‘daughter’;  possibly  each  con¬ 
tains  both  ‘model’  and  ‘copy’  molecules. 

At  what  stage  in  the  nuclear  cycle  do  the  chromosomes  reproduce? 
No  cytological  problem  has  been  more  hotly  debated  than  this  one. 
The  earlier  evidence  was  purely  morphological.  At  metaphase,  and  even 
in  prophase,  chromosomes  are  visibly  divided  into  two  spirally  coiled 
threads  or  chromatids,  which  lie  roughly  parallel  to  one  another  and  are 
apparently  joined  together  at  the  centromere.  These  spiral  chromatids 
may  be  pressed  into  one  another  so  that  no  space  can  be  seen  between 
them,  or  they  may  be  separated  so  that  there  is  a  visible  split  down  the 
length  of  the  chromosome.  But  at  what  stage  does  this  split  occur? 
Darlington  and  his  followers  have  claimed  that  it  takes  place  during  the 
resting  stage,  when  the  chromosomes  are  not  in  a  suitable  condition  for 
accurate  observation,  being  more  or  less  ‘unfixable’.  Thus  they  beheve 
that  telophase  chromosome  threads  are  always  single,  prophase  ones 
always  double,  whereas  most  other  workers  believe  that  telophase  chro¬ 
mosomes  are  already  split  once  and  that  prophase  chromosomes  are 
split  twice,  i.e.  that  each  chromatid  consists  of  two  half-chromatids  or 
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subchromatids,  between  which  a  secondary  split  can  sometimes  be  ob¬ 
served.  Among  those  cytologists  who  favour  the  latter  view  are  Schra- 
der^®^,  Huskins®®,  Manton^24^  Kaufmann^®.  NebeU®^  has  even  claimed 
that  telophase  chromosomes  are  quadruple,  the  split  corresponding  to 
each  mitosis  having  taken  place  two  divisions  before.  In  the  case  of 
the  meiotic  divisions,  Darhngton  believes  that  the  split  is  delayed,  or, 
as  he  puts  it,  that  the  onset  of  prophase  is  precocious,  i.e.  it  begins 
before  the  chromosomes  have  split.  He  thus  claims  that  in  the  earhest 
prophase  stages  of  the  first  meiotic  division  (leptotene  and  zygotene) 
the  chromosome  thread  is  single  and  that  the  split  into  chromatids  does 
not  take  place  until  the  pachytene  stage.  Other  authors  (e.g.  Huskins 
and  Smith®®)  have  pubhshed  convincing  figures  of  already -divided  lepto¬ 
tene  chromosomes  in  various  species  of  plants,  and  Hughes  Schrader®®  has 
shown  that  in  the  scale-insect  Llaveiella  the  meiotic  bivalents  are  visibly 
octopartite,  i.e.  they  possess  three  ‘splits’ — a  primary  one  corresponding 
to  the  plane  between  the  maternal  and  paternal  chromosomes,  a  secon¬ 
dary  one  between  the  chromatids,  and  a  tertiary  one  between  the  half¬ 
chromatids.  In  this  case  the  half-chromatids  even  possess  separate 
spindles. 

Attempts  have  been  made  to  resolve  this  controversy  by  experi¬ 
mental  means  (Mather  and  Stone^^s.  Mather^^e^  argued 

that  X-rays  will  only  break  single  strands  and  that  if  an  anaphase  or 
telophase  nucleus  is  irradiated  one  will  observe  ‘chromosome-breaks’  in 
the  foUoudng  division  if  the  chromosomes  were  unsplit  at  the  time  of 
irradiation,  ‘chromatid-breaks’  if  they  were  split.  Mather^^e  applied 
this  technique  to  pollen-grain  mitoses  in  various  species  of  plants,  and 
obtained  results  in  apparent  disagreement  with  those  reported  earUer 
by  Huskins  and  Hunter®®,  using  the  same  type  of  material.  It  is  some¬ 
what  doubtful,  however,  w'hether  one  is  really  justified  in  assuming  that 
irradiation  will  never  break  two  strands  of  a  chromosome  at  the  same 
level.  Thus  Lea^^^  concludes  that:  ‘If  the  X-ray  experiments  indicate 
that  the  chromosomes  are  spHt,  this  can  be  relied  upon,  but  X-ray 
evidence  for  a  chromosome  being  unsplit  is  not  final.’ 

A  somewhat  different  type  of  experimental  evidence  bearing  on  the 
question  of  the  time  of  division  of  chromosomes  has  been  brought  for¬ 
ward  by  McClintockii®  who  observed  the  behaviour  of  maize  chromatids 
which  were  broken  at  meiotic  anaphases  by  stretching  on  the  spindle, 
not  by  irradiation.  She  found  by  observations  on  the  chromosomes  at 
the  next  division  that  ‘each  broken  chromatid  behaves  as  if  it  were 
split,  with  fusions  occurring  between  its  two  longitudinal  halves  at  the 
position  of  breakage’.  This  would  agree  with  her  observation  that  at  the 
diakinesis  stage  in  maize  the  chromatids  can  sometimes  be  seen  to  be 
divided  into  half-chromatids  by  a  ‘tertiary  split’. 

Most  of  the  cytologists  who  have  debated  this  question  of  the  time 
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of  splitting  of  chromosomes  seem  to  have  tacitly  assumed  that  this  time 
must  be  the  same  in  all  types  of  cells.  This  seems  rather  unlikely ,  at 
any  rate,  we  have  no  right  to  assume  that  the  spht  always  occurs  at  the 
same  stage  of  the  nuclear  cycle,  when  it  is  known  that  in  some  cells  the 
resting  stage  is  very  prolonged,  while  in  others  there  is  a  much  more 
direct  transition  from  the  telophase  of  one  mitosis  to  the  prophase  of 
the  next.  It  is  clear,  however,  that  the  overwhelming  majority  of  cyto- 
logists  are  now  opposed  to  Darhngton’s  view  as  to  the  time  of  sphtting 
of  chromosomes  (Schrader^®^ ;  Huskins®®). 

When  we  consider  the  problem  of  chromosomal  reproduction  from  the 
chemical  standpoint,  it  is  possible  that  the  exact  time  when  the  spUt 
becomes  visible  may  not  be  of  any  great  importance,  since  it  is  highly 
probable  that  the  essential  process  of  genic  duphcation  may  occur  long 
before  any  spht  is  visible  under  the  microscope;  in  fact,  it  is  even  pos¬ 
sible  that  all  chromosomes  are  in  reahty  bundles  of  submicroscopic 
gene-strings.  Very  recently  Husldns®®  has  claimed  that  under  abnormal 
circumstances  a  chromosome  may  split  into  three  instead  of  two  chro¬ 
matids,  but  the  evidence  on  which  this  conclusion  is  based  has  not  yet 
been  pubhshed. 

That  chromosomes  may  be  caused  by  experimental  agencies,  such  as 
X-rays  and  abnormal  temperatures,  to  undergo  an  extra  spht,  so  that 
they  are  quadruple  at  stages  of  mitosis  when  they  would  normahy  be 
double,  has  been  shown  by  various  workers  (White^^’;  Barber^®).  It  is 
possible  that  this  condition  sometimes  results  from  the  suppression  of 
a  mitosis  which  would  otherwise  have  occurred,  the  spht  which  would 
have  corresponded  to  that  division  not  being  inhibited.  The  condition 
is  probably  akin  to  endopolyploidy  (see  Section  /)  and  may  in  some 
cases  be  regarded  as  an  experimentahy  produced  endomitosis,  perhaps 
of  a  special  type.  Sometimes  diplo -chromosomes  (i.e.  two  chromosomes 
united  by  an  undivided  or  imperfectly  divided  centromere)  persist  for 
some  time,  but  they  eventuaUy  separate  into  two  independent  chromo¬ 
somes.  In  ‘sex-ratio’  males  of  Drosophila  pseudoobscura  and  some  re¬ 
lated  species  the  X-chromosome  sphts  twice  instead  of  once,  as  it  does 
in  the  meiosis  of  a  normal  male  (Sturtevant  and  Dobzhansky®®®). 

If  the  chromosome  thread  is  spirally  coiled  at  the  time  when  it  sphts, 
the  spht  must,  of  course,  follow  a  spiral  course,  parallel  to  the  axis 
of  the  thread.  There  is  some  evidence,  however,  that  this  parallehsm 
may  sometimes  be  imperfect.  We  mentioned  earlier  that  endless  ‘ring- 
chromosomes’  suffered  from  various  types  of  accidents  at  mitosis.  In 
maize  it  has  been  shown  by  McChntock^^®*^®®  that  ring-chromosomes  in 
the  somatic  tissues  of  the  sporophyte  frequently  give  rise  to  double - 
sized  rings,  containing  two  centromeres,  instead  of  to  two  rings,  each 
with  one  centromere.  When  the  two  centromeres  of  a  double-sized  ring 
pass  to  opposite  poles  at  anaphase  the  portions  of  the  chromosome 


206  NUCLEUS,  CHROMOSOMES,  AND  GENES 

between  them  become  stretched  on  the  spindle  and  eventually  broken. 
Thus  each  daughter-cell  receives  a  V-shaped  chromosome  with  one 
centromere  and  two  broken  ends.  Since  the  positions  of  breakage  are 
not  constant,  the  sizes  of  the  Vs  and  the  relative  lengths  of  their  arms 
greatly.  The  two  freshly  broken  ends  of  each  V  soon  fuse  together, 
so  that  rings  are  produced  in  the  daughter-nuclei,  but  these  rings  are 
not  necessarily  the  same  size  as  the  parent  ring  and  ordinarily  contain 
deficiencies  or  duplications  of  genetic  material ;  in  many  such  rings 
both  duplications  and  deficiencies  will  be  simultaneously  present.  The 
presence  of  a  ring-chromosome  in  a  maize  plant  thus  leads  to  much 
mosaicism,  patches  of  somatic  tissue  lacking  some  genes  and  possessing 
others  in  duphcate.  The  ring-chromosomes  known  in  Drosophila  me- 
lanogaster  seem  to  be  somewhat  more  stable,  but  they  probably  also 
produce  double-sized  rings  in  some  cells. 

It  is  easy  to  understand  that  the  formation  of  a  double-sized  ring 
might  result  from  the  plane  of  the  split  making  one  complete  turn 
around  the  plane  of  the  chromosome,  and  this  is  the  most  probable  ex¬ 
planation  ;  but  it  is,  alternatively,  possible  that  some  kind  of  somatic 
sister-strand  crossing-over  occurs.  The  phenomenon  depends  on  the 
size  of  the  ring,  the  larger  rings  being  much  more  unstable  than  the 
smaller  ones. 

In  some  special  cases  a  failure  of  certain  of  the  chromosomes  to  spht 
normally  at  mitosis  may  lead  to  their  being  left  ‘  helpless  ’  in  the  middle 
of  the  spindle  at  anaphase,  while  the  remaining  chromosomes  pass  to 
the  poles.  In  this  way,  in  the  embryos  of  certain  insects,  some  of  the 
chromosomes  are  eliminated  from  those  nuclei  which  are  destined  to 
pass  into  the  somatic  cells,  so  that  the  somatic  nuclei  come  to  contain 
fewer  chromosomes  than  those  of  the  ‘germ-line’.  This  is  the  case  in 
some  species  of  midges  of  the  genus  Sciara,  where  the  spermatogonia 
and  oogonia  each  contain  several  large  ‘hmited’  chromosomes  which  are 
entirely  absent  from  the  somatic  nuclei  (Du  Bois®^;  Metz^^^).  The  centro¬ 
meres  of  these  chromosomes  seem  to  function  normally  up  to  and  during 
the  metaphases  of  the  elimination  divisions,  but  the  chromosomes  do  not 
seem  to  have  split  except  in  the  neighbourhood  of  the  centromeres,  or 
else  their  chromatids  are  unable  to  separate  from  one  another,  so  that 
when  the  daughter-centromeres  begin  to  separate  on  the  elongating 
anaphase -spindle  they  are  held  together  by  the  arms  of  the  chromosomes 
which  cannot  separate  from  one  another.  The  ‘limited  chromosomes 
thus  remain  stretched  in  the  middle  part  of  the  spindle  and  do  not  get 
included  in  either  of  the  daughter-nuclei:  they  remain  in  the  yolky  egg 
cytoplasm  for  some  time,  but  eventually  degenerate,  being  presumably 
broken  down  by  cytoplasmic  enzymes.  In  the  cleavage  divisions  of  the 
primordial  germ-cell  nuclei,  which  lie  in  the  polar-plasm  at  the  posterior 
pole  of  the  egg,  no  elimination  of  limited  chromosomes  normally  occurs 
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—presumably  the  cytoplasmic  environment  in  which  they  lie  permits 
them  to  split  normally  and  thus  preserves  them  from  the  fate  which 
overcomes  their  ‘sisters’  and  ‘cousins’  in  the  somatic  nuclei. 

A  similar  elimination  of  some  of  the  chromosomes  takes  place  in 
the  gall-midges  (Cecidomyidae)  where  it  seems  to  be  characteristic 

of  the  whole  family  (Kahle^^;  Kraczkiewiczios.ioe.  Reitbergeri®*; 

White222, 223, 224,225^  Thus  in  Miastor  the  male  somatic  nuclei  contain  6 
chromosomes  and  are  haploid  (except  in  those  tissues  where  endopoly- 
ploidy  occurs),  the  female  somatic  nuclei  show  12  chromosomes  and 
are  diploid  (again,  with  the  exception  of  the  endopolyploid  tissues), 
while  the  germ-hne  nuclei  have  48  chromosomes  (White^^a).  Here  the 
male  embryos  eUminate  42  chromosomes  from  the  somatic  nuclei  during 
certain  of  the  early  cleavage  divisions,  while  the  female  nuclei  only 
ehminate  36.  In  another  Cecidomyid,  Taxomyia  taxi,  there  are  6  chro¬ 
mosomes  in  male  somatic  cells,  8  in  those  of  females,  and  40  in  germ-line 
nuclei  of  either  sex;  male  embryos  eliminate  34  chromosomes  from  the 
somatic  nuclei,  female  ones  32.  The  mechanism  of  elimination  seems 
to  be  exactly  as  in  Sciara,  although  the  number  of  chromosomes  elimi¬ 
nated  is  much  greater. 

The  role  of  these  ‘limited’  chromosomes,  which  are  confined  to  the 
germ-line,  in  the  genetic  system  of  the  species  is  far  from  clear.  Certain 
species  of  Sciara  lack  limited  chromosomes  altogether,  while  in  others 
a  pair  are  regularly  present.  Throughout  the  whole  family  Cecidomyidae, 
which  includes  many  thousands  of  species,  limited  chromosomes  seem 
invariably  to  be  present,  and  are  always  far  more  numerous  than  the 
chromosomes  in  the  somatic  nuclei.  Genetic  evidence  suggests  that  the 
limited  chromosomes  of  Sciara  are  more  or  less  inert,  but  it  is  probable 
that  they  possess  some  ‘residual’  genetic  properties.  In  the  Cecido- 
myids  the  fact  that  they  occur  in  all  species  indicates  that  they  have 
some  function,  although  in  the  absence  of  genetic  evidence  one  cannot 
be  certain  of  this;  it  has  recently  been  suggested  that  when  they  are 
broken  down  and  their  substance  is  dispersed  through  the  yolky  egg 
cytoplasm,  they  do  not  cease  to  function  but  continue  to  influence  em¬ 
bryonic,  and  perhaps  even  larval,  development  for  some  time  (White^^sj 

The  reason  why  the  chromatids  of  the  limited  chromosomes  are  un¬ 
able  to  separate  properly  at  the  time  of  elimination  is  not  clear.  It  is, 
indeed,  uncertain  if  this  is  the  proper  interpretation— possibly  the  chro¬ 
mosome  thread  has  never  split  into  chromatids  along  the  whole  of  its 
length.  Alternatively,  it  is  possible  that  the  two  chromatids  are  coiled 
together,  plectonemically,  so  that  they  are  interlocked  at  each  gyre  of 
the  spiral.  A  failure  of  the  chromonema  to  divide  has  apparently  been 
induced  m  certain  plant  chromosomes  by  the  application  of  unusually 
low  temperatures  (Darhngton  and  La  Course).  In  this  instance  the 
tailure  to  divide  occurs  only  in  certain  chromosomal  regions  which  are 
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deficient  in  nucleic  acids  (or  at  any  rate  in  stainable  material)  in  the 
chilled  plants.  The  appearance  of  such  regions  of  ‘  differential  reactivity  ’ 
(Wilson  and  Boothroyd^^sj  oj.  ‘olistherozones’  (Resende  et  may  be 
caused  by  various  other  factors  besides  low  temperatures.  Darlington 
and  La  Cour  have  regarded  it  as  simply  due  to  ‘nucleic-acid  starvation’, 
but  the  phenomenon  is  probably  more  complex  than  this,  although  such 
regions  probably  are  deficient  in  nucleic  acid  as  compared  with  other 
chromosomal  regions. 

If  it  is  true  (1)  that  regions  of  ‘differential  reactivity’  have  httle 
nucleic  acid  and  (2)  that  splitting  into  chromatids  is  incomplete  in  such 
regions,  then  it  is  highly  probable  that  a  causal  connexion  exists,  namely, 
that  the  normal  process  of  splitting  depends  on  a  certain  minimum 
amount  of  nucleic  acid,  and  that  when  a  subminimal  amount  is  present 
the  split  will  not  occur.  But  it  must  be  remembered  that  the  negatively 
heteropycnotic  X-chromosomes  of  grasshoppers  (see  p.  196)  and  of 
certain  mammals  (Koller^o^-^^^)  split  normally,  and  at  the  same  time  as 
the  other  euchromatic  chromosomal  regions. 

/.  Endopolyploidy 

The  statement  made  in  most  elementary  accounts  that  all  the  nuclei 
of  an  organism  contain  the  same  number  of  chromosomes  is  only  a  first 
approximation  to  the  truth.  Its  frequent  reiteration  has,  however, 
blinded  many  biologists  to  the  fact,  which  has  long  been  known  (although 
its  significance  has  only  recently  become  apparent),  that  many  of  the 
differentiated  cells  of  an  adult  organism  are  polyploid,  that  is  to  say, 
they  contain  2,  4,  8,  16...  times  the  diploid  (2N)  number  of  chromo¬ 
somes.  This  phenomenon  is,  in  general,  only  exhibited  by  the  nuclei  of 
cells  which  have  differentiated  so  far  that  they  have  lost  the  power  to 
divide  by  mitosis,  unless  reactivated  to  do  so  by  some  special  treatment 
(e.g.  by  growth-hormones  in  the  case  of  plants).  The  phenomenon  thus 
naturally  passed  unnoticed  so  long  as  cytologists  only  counted  the  chro¬ 
mosomes  of  cells  in  mitosis.  Recognition  of  the  very  general  occurrence 
of  ‘  endopolyploidy  ’  in  both  the  plant  and  animal  kingdoms  has  resulted 
from  the  development  of  techniques  whereby  the  chromosomes  can  be 
counted  in  resting  nuclei  (Geitler®^’”^^’^”)  or  whereby  nuclei  which  would 
not  otherwise  divide  again  are  caused  to  do  so. 

In  certain  cases,  however,  these  polyploid  somatic  cells  may  continue 
to  divide  by  mitosis.  Thus,  as  early  as  1910  Stomps““^  found  diploid, 
tetraploid,  octoploid,  and  occasionally  16-ploid  metaphases  in  root  tips 
of  Spinacia  oleracca,  a  phenomenon  to  which  Langlet^^®  applied  the  term 
‘polysomaty’.  These  have  been  reinvestigated  by  Gentcheff  and  Gustaf- 
sson’^  who  found  that  the  doubling  of  the  chromosome  number  resulted 
from  a  double  reproduction  of  the  chromosomes  during  the  resting  stage. 

In  the  ileum  of  mosquito  larvae  the  epithelial  cells  do  not  multiply 
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during  larval  life  but  they  increase  in  volume  unequally,  so  that  when 
the  larva  has  finished  growing  they  are  of  several  different  sizes.  It  has 
been  shown  by  Berger^®'^^  that  the  nuclei  of  these  cells  remain  in  a 
resting-stage  condition  during  the  whole  of  larval  life,  but  that  during 
the  pupal  period  they  begin  to  divide  again.  During  the  prophases  of 
these  divisions  each  nucleus  contains  six  large  bundles  of  chromonemata 
(the  haploid  number  is  three  in  mosquitoes).  At  the  end  of  prophase 
these  six  bundles  faU  apart  into  their  constituent  threads,  which  we 
may  now  consider  as  independent  chromosomes.  There  are  usually  48 
or  96  of  these  chromosomes,  so  that  the  nuclei  have  become  16-  or  32- 
ploid  during  the  long  larval  resting  stage.  These  chromosomes  become 
ahgned  in  pairs  just  before  metaphase,  and  at  anaphase  a  whole  chromo¬ 
some  of  each  pair  goes  to  either  pole.  Thus,  a  32-ploid  cell  gives  rise  to 
two  16-ploid  ones.  This  process  of  somatic  reduction  is  repeated  several 
times  durmg  the  pupal  metamorphosis,  so  that  by  the  time  the  meta¬ 
morphosis  is  completed  the  cells  are  diploid  or  tetraploid  (Berger^®'^®; 
GreU’®). 

These  cells  of  the  mosquito  ileum  thus  show  (1)  chromosomal  multi- 
phcation  without  mitosis  (during  larval  fife)  and  (2)  somatic  reduction 
divisions  (during  pupal  fife).  The  latter  process  is  clearly  made  possible 
by  the  somatic  pairing  phenomenon  so  characteristic  of  the  Diptera, 
and  the  ‘bivalents’  which  are  formed  never  show  any  chiasmata;  they 
are  hence  comparable  to  the  meiotic  bivalents  of  the  male  Drosophila, 
in  which  no  crossing-over  occurs. 

Another  instance  of  a  tissue  in  which  chromosomal  reproduction 
without  mitosis  leads  to  the  development  of  polysomaty  is  in  the  testi¬ 
cular  envelope  of  the  short-horned  grasshoppers,  where  flat,  pancake¬ 
shaped  nuclei  containing  23,  46,  and  92  chromosomes  occur  (Plate  I, 
Fig.  3).  Here  the  chromosomes  never  become  as  fully  condensed  as  in 
a  true  metaphase  but  they  do  go  through  cycles  of  condensation  and 
decondensation  which  seem  to  correspond  to  the  division  cvcles.  Geit- 
ler^^  has  also  described  what  he  calls  ‘endomitotic’  cycles  of  condensa¬ 
tion  and  decondensation  during  the  formation  of  endopolyploid  nuclei 
in  the  Heteroptera,  and  Painter  and  Reindorpi^a  have  described  similar 
stages  in  the  development  of  the  nurse-cells  oi  Drosophila  melanogaster 
which  eventuaUy  become  512-ploid.  The  use  of  the  terms  ‘endopro- 
phase  ,  endometaphase’,  &c.,  to  describe  the  various  stages  of  the  endo¬ 
mitotic  cycle  is  perhaps  unfortunate,  since  there  is  never  any  strong 
metaphase  condensation,  the  chromosomes  remaining  ‘fuzzy’  through¬ 
out  the  whole  process.  No  spindle  is  formed,  the  nuclear  membrane 
never  breaks  down,  and  the  spht  halves  of  the  chromosomes  simply  drift 
apart,  there  being  no  active  anaphase  movement.  The  fact  that  in 
endomitosis  (which  we  may  probably  regard  as  a  highly  modified  mitotic 
process)  cycles  of  condensation  and  decondensation  stiU  occur  suggests 
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that  condensation  has  something  to  do  with  chromosomal  reproduction, 
but  the  exact  relationship  is  not  clear. 

That  endomitosis  may  give  rise  to  very  high  degrees  of  endopoly- 
ploidy  has  been  shown  by  Geitler®®’’^*’^  in  the  case  of  the  pond-skaters 
of  the  genus  Gerris.  Here  the  diploid  set  of  the  male  consists  of  twenty 
autosomes  and  an  X  which  is  heterochromatic.  The  individual  chromo¬ 
somes  can  be  counted  in  many  of  the  somatic  nuclei,  and  in  some  species 
the  X’s  can  be  made  out  very  clearly  on  account  of  their  heteropyc- 
nosis.  Geitler  found  that  particular  tissues  showed  characteristic  de¬ 
grees  of  polyploidy.  Thus,  the  nuclei  of  the  tracheal  epithelium  w'ere 
diploid  or  tetraploid,  those  of  the  fat  body  tetraploid,  octoploid,  and 
16-ploid;  those  of  the  oenocytes  up  to  128-ploid,  while  in  the  sahvary 
glands  Geitler  found  giant  branching  nuclei  which  were  estimated,  from 
their  volume  and  from  the  number  of  X-chromosomes,  to  be  512-ploid, 
1,024-ploid,  and  even  2,048-ploid.  It  was  naturally  impossible  to  count 
the  chromosomes  in  these  nuclei  (a  2,048-ploid  nucleus  should  have 
contained  21,504  chromosomes  in  a  male,  22,528  in  a  female!).  It  seems 
likely  that  the  great  branching  nuclei  in  the  spinning  glands  of  cater¬ 
pillars  and  caddis-fly  larvae  (Vorhies^^®)  are  of  the  same  general  type  as 
those  of  Gerris,  the  nucleus  increasing  in  size  and  branching  out  into 
the  cytoplasm  as  the  number  of  chromosomes  within  it  is  repeatedly 
doubled. 

In  those  insects  where  most  of  the  larval  tissues  undergo  histolysis 
during  the  pupal  stage,  the  adult  organs  arising  from  imaginal  buds  , 
it  is  clear  that  the  imaginal  bud  cells  do  not  become  endopolyploid  and 
that  they  retain  the  ability  to  divide  by  true  mitosis.  The  neurocytes 
also  seem  to  remain  diploid,  since  whenever  they  divide  by  mitosis  in 
nymphal  or  late  larval  instars  they  always  show  the  diploid  number  of 
chromosomes. 

Most  studies  of  endopolyploidy  have  been  carried  out  on  plant  or 
insect  material,  but  it  seems  clear  that  the  phenomenon  also  occurs  in 
other  groups  of  organisms.  In  the  Protozoa  the  macronuclei  of  the 
Ciliata  are  almost  certainly  endopolyploid,  although  chromosomes 
usually  cannot  be  seen  in  them  and  although  they  divide  by  true  ami 
tosis.  In  the  Vertebrates  it  was  shown  by  JacobP^  that  certain  somatic 
tissues  show  several  different  size  classes  of  nuclei,  whose  volumes  bear 
a  fairly  definite  relationship  to  one  another.  It  is  tempting  to  conclude 
that  these  represent  an  endopolyploid  series  (e.g.  diploid,  tetraploid, 
and  octoploid  nuclei  in  mammahan  fiver).  But  the  cytological  condi¬ 
tions  are  much  less  favourable  for  a  detailed  analysis  than  they  are  in 
insects  and  plants.  In  Invertebrates  other  than  insects  few  studies  o 

endopolyploidy  have  been  carried  out. 

In  insects  it  is  clear  that  endopolyploidy  and  polysomaty  ^ 

important  part  in  histological  differentiation.  But  it  is  not  clear  whet  er 
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a  cell  in  Gerris,  for  example,  becomes  an  oenocyte  because  it  is  128-ploid, 
or  whether  it  becomes  128-ploid  because  it  is  an  oenocyte.  The  latter 
seems  much  more  probable,  but  experimental  studies  on  histological 
differentiation  in  relation  to  endopolyploidy  are  badly  needed.  The 
highest  degrees  of  endopolyploidy  always  seem  to  be  found  in  gland - 
cells,  or  at  any  rate  in  cells  which  are  producing  large  quantities  of  pro¬ 
tein  materials,  and  Painter^^’,  as  a  result  of  his  studies  on  salivary  gland 
chromosomes  and  on  the  lateral  pharyngeal  gland  of  worker  bees,  has 
concluded  that  there  is  a  causal  relation  between  endopolyploidy  and 
protein  formation,  and  he  is  disposed  to  attach  particular  importance 
to  the  multiphcation  of  heterochromatic  regions  and  nucleolar  organizers 
which  occurs  in  endopolyploid  nuclei. 

The  observations  of  Huskins  and  his  collaborators®^  ®^  on  polysomaty 
in  plant  material  (roots  of  Rhoeo  and  barley)  differ  in  some  respects 
from  those  of  previous  workers.  These  authors  used  strong  doses 
of  indole-acetic  acid  to  cause  cells  which  would  not  normally  divide 
again  to  enter  upon  mitosis.  In  addition  to  diploid,  tetraploid,  and 
octoploid  cells  they  report  the  finding  of  2  haploid  cells,  2  (?)  penta- 
ploid  ones,  and  2  hexaploid  ones,  out  of  a  total  of  2,866  nuclei  analysed 
in  Rhoeo  and  1,496  in  barley.  They  also  claim  to  have  observed  somatic 
reduction  divisions,  i.e.  cells  in  which  the  chromosomes  were  paired  to 
form  true  bivalents.  Since  the  full  account  of  this  work  has  not  yet 
appeared  a  critique  of  it  would  be  premature,  but  it  may  be  pointed  out 
that  diplochromosome  formations  in  somatic  cells  could  easily  be  mis¬ 
taken  for  bivalents  if  extreme  care  were  not  exercised.  The  finding  of 
occasional  pentaploid  and  hexaploid  nuclei  in  somatic  cells  (which  could 
not,  of  course,  have  arisen  by  endomitosis  or  any  similar  phenomenon) 
would  be  explained  if,  occasionally,  distinct  cells  underwent  fusion,  as 
sometimes  happens  to  insect  spermatocytes,  possibly  under  the  influence 
of  abnormal  local  conditions. 

g.  Salivary  Gland  Chromosomes 

A  very  special  kind  of  endopolyploidy  seems  to  be  responsible  for  the 
production  of  the  ‘salivary  gland’  chromosomes  in  the  larvae  of  the 
dipterous  flies.  These  are  giant  chromosomes  whose  volume  is  many 
thousands  of  times  that  of  ordinary  mitotic  chromosomes,  and  w'hich 
appear  somewhat  like  earthworms  under  the  microscope,  with  numerous 
transverse  bands  of  dark-staining  material  alternating  with  non-stain - 
ing  regions.  Typically,  each  individual  chromosome  in  the  salivary 
gland  nuclei  is  closely  fused  with  its  homologous  partner,  so  that  the 
elements  appear  to  be  present  in  the  haploid  rather  than  the  diploid 
number.  This  is  probably  due  to  the  somatic-pairing  tendency  which, 
as  we  have  already  seen,  is  characteristic  of  most  dipterous  chromo¬ 
somes.  As  a  matter  of  fact  the  closeness  of  fusion  in  the  salivary  gland 
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nuclei  varies  somewhat  throughout  the  Diptera;  in  some  forms  it  is 
complete,  except  for  the  X-chromosome,  which  is  necessarily  unpaired 
in  the  male,  while  in  others  the  homologous  chromosomes  are  only 
loosely  paired,  actual  fusion  being  Umited  to  a  few  short  regions. 

No  spiral  structure  can  be  observed  in  sahvary  gland  chromosomes, 
except  that  frequently  the  homologues  are  loosely  wound  round  one 
another.  It  would  seem  that  the  absence  of  spirahzation  is  one  of  the 
reasons  for  the  great  length  of  the  sahvary  gland  chromosomes,  as  com¬ 
pared  with  ordinary  mitotic  chromosomes.  It  can  hardly  be  the  only 
reason,  however;  the  disparity  in  length  is  too  great  (sahvary  gland 
chromosomes  may  be  50-100  times  the  length  of  metaphase  chromo¬ 
somes).  Owing  to  their  great  length  the  sahvary  gland  chromosomes 
can  only  find  room,  even  in  the  very  large  nuclei  in  which  they  occur, 
by  being  rolled  up  into  a  fairly  tight  tangle,  which  fihs  practicahy  the 
whole  of  the  nuclear  cavity. 

The  term  ‘sahvary  gland  chromosome’  is  rather  unfortunate,  since 
chromosomes  of  this  type  are  found  in  many  other  somatic  tissues  of  the 
Diptera.  Thus  Makino^^^  found  that  in  Drosophila  virilis  the  nuclei  of 
the  oesophageal  epithehum,  the  glandular  cells  of  the  proventriculus, 
of  the  intestinal  epithehum,  of  the  Malpighian  tubules,  and  of  the  fat 
body  ah  show  chromosomes  which  approximate  to  the  sahvary  gland 
type.  There  seems,  in  fact,  to  be  a  complete  series  of  gradations  in  these 
and  other  tissues  between  normal  somatic  chromosomes  and  sahvary 
gland  ones,  the  degree  of  development  of  this  type  of  chromosome 
being,  in  general,  greater  in  the  larger  nuclei  than  in  the  smaUer  ones. 

In  making  preparations  of  these  chromosomes  it  is  usual  to  crush  the 
glands  in  a  solution  of ‘aceto -carmine’  or  ‘aceto -orcein’  under  a  cover- 
glass,  so  that  the  nuclear  membranes  are  ruptured  and  the  chromosomes 
are  stretched  and  spread  out  flat. 

Originally  discovered  by  Balbiani^^  and  studied  about  the  same  time 
by  Carnoy^^,  who  pubhshed  some  remarkably  accurate  figures  of  their 
structure,  the  sahvary  gland  chromosomes  aroused  httle  interest  until 
1933,  when  Heitz  and  Bauer,  in  Germany,  described  their  appearance 
in  the  fly  Bibio,  and  Painter,  in  the  U.S.A.,  having  studied  them  in 
Drosophila,  pointed  out  that  they  could  be  used  for  cytogenetical 
analyses  of  a  type  not  previously  employed.  This  possibihty  depends 
on  the  fact  that  the  dark-staining  bands  are  individuahy  recognizable, 
the  thickest  ones  being  many  times  broader  than  the  finest  ones,  which 
can  only  be  seen  in  stained  preparations  of  the  highest  quahty  under 
the  most  favourable  optical  conditions  (Bridges^®),  or  using  ultraviolet 
microscopy  (Ehenhorn,  Prokofieva,  and  Muller®^).  Apart  from  the  pre¬ 
sence  of  inversions  or  other  structural  rearrangements,  the  bands  are 
constant  in  position  in  any  one  species,  so  that  it  is  possible  to  construct 
cytological  ‘maps’,  in  which  each  band  is  referred  to  by  number.  Ihese 
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maps  constitute  the  basis  of  most  modem  cytogenetical  work  on 
Drosophila. 

It  has  been  proved  by  staining  methods,  ultraviolet  spectroscopy 
(Caspersson®®),  and  micro -incineration  (Barigozzi^^’^^)  that  the  bands  are 
rich  in  nucleic  acids,  the  internodes  between  them  being  practically  free 
of  this  substance  and  hence  presumably  made  of  protein  materials. 

The  work  of  Serra^s^’is^use  and  Serra  and  Queiroz  LopeslS8>l®^  using 
the  a-naphthol-hypobromite  test  for  arginine,  confirmed  the  findings  of 
Caspersson®^  based  on  ultraviolet  absorption  spectroscopy,  that  the  pro¬ 
teins  of  the  bands  are,  in  the  main,  of  the  histone  type  (i.e.  strongly  basic 
and  containing  much  arginine),  while  the  proteins  of  the  interband  regions 
are  of  a  higher  type,  presumably  the  tryptophane -containing  protein  of 
Mirsky  and  Pollister. 

The  bands  of  the  salivary  gland  chromosomes  rather  evidently  corre¬ 
spond  to  the  chromomeres  of  the  meiotic  chromosomes.  In  both  cases 
there  is  a  tendency  for  neighbouring  bands  or  chromomeres  to  be  fused 
together,  so  that  the  number  of ‘ultimate’  chromomeres  or  bands  is  only 
revealed  when  the  chromosome  is  artificially  stretched  so  as  to  separate 
them. 

The  bands  of  the  salivary  gland  chromosomes  are,  of  course,  really 
‘disks’,  which  extend  right  through  the  thickness  of  the  chromosome. 
Many  of  them  are  obviously  built  up  of  a  number  of  chromomeres  or 
granules,  all  lying  in  the  same  plane  (transverse  to  the  long  axis  of  the 
chromosome).  It  is  probable  that  all  the  bands  are  in  reality  of  this 
nature,  but  in  many  of  them  the  chromomeres  have  fused  into  a  con¬ 
tinuous  disk.  In  many  cases  fine  ‘fibres’  can  be  seen  extending  from 
the  chromomeres  of  one  band  to  those  of  the  next,  although  it  has  been 
claimed  by  some  workers  that  these  are  artefacts. 

In  a  number  of  instances  a  careful  study  of  Drosophila  stocks  wdth 
minute  deletions  or  other  structural  rearrangements  has  enabled  cyto¬ 
geneticists  to  localize  the  position  of  particular  genes  within  single 
bands.  Thus,  in  Drosophila  melanogaster  the  Notch  gene  lies  in  the  3C7 
band  (Shzynska^^^;  Demerec^®),  the  Bar  gene  in  the  double  band  16A 
1-2  (Sutton^®®),  and  the  star-asteroid  gene  (or  genes  ?)  in  the  double  band 
21E  1*2  (Lewis^i*). 

Micro -dissection  studies  which  have  recently  been  carried  out  on  the 
sahvary  gland  chromosomes  of  Chironomus  (d’ Angelo^®)  have  shown 
that  when  the  chromosome  is  stretched  by  means  of  needles  it  is  the 
interband  regions  rather  than  the  bands  which  undergo  elongation:  even 
after  a  tenfold  elongation  the  chromosomes  return  to  their  normal  length 
when  the  tension  is  released. 

The  total  number  of  bands  cannot  be  stated  with  certainty,  since 
many  of  them  are  so  fine  (0-2 /x  wide)  as  to  be  almost  below  the  limit  of 
resolution  of  the  microscope,  while  some  of  the  thicker  ones  may  consist 
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of  several  bands  situated  so  close  together  (i.e.  with  such  short  inter¬ 
nodes  between  them)  that  they  appear  as  a  single  one.  The  total  number 
of  bands  which  have  been  detected  in  the  complete  chromosome  set  of 
Drosophila  melanogaster  is  5,149  (P.  N.  Bridges^^^;  Slizynski^^^),  but  it  is 
probable  that  a  reinvestigation  would  estabhsh  the  existence  of  a  good 
many  more.  If  each  band  represents  the  physical  basis  of  a  single  gene, 
it  is  obvious  that  a  count  of  the  total  number  of  bands  would  indicate 
the  total  number  of  genes,  which  has  been  estimated  at  under  10,000 
in  Drosophila  by  various  workers. 

The  exact  relationship  of  the  salivary  gland  elements  to  ordinary 
mitotic  chromosomes  has  been  very  much  debated.  In  development 
they  arise  from  chromosomes  which  are  clearly  split  into  two  chromatids 
and  show  a  chromomeric  structure.  The  homologous  elements  then 
undergo  pairing,  so  as  to  produce  a  4-stranded  structure  (Painter^®®). 
This  then  undergoes  a  progressive  increase  both  in  length  and  in  dia¬ 
meter.  The  chromomeres  become  the  bands  of  the  fully  formed  sahvary 
gland  chromosome,  but  it  is  evident  that  most  of  the  chromomeres 
which  are  seen  in  the  early  stages  are  compound  and  that  they  separate 
into  their  constituent  chromomeres  as  the  chromosomes  elongate. 

As  the  chromosomes  become  broader  one  can  see  more  and  more 
chromomeres  in  each  transverse  band  and  more  ‘interband  fibres’ 
(Painter^^®).  Thus  the  development  of  the  salivary  gland  chromosomes 
is  consistent  with  the  view  first  put  forward  by  Koltzoff^®^  and  Bridges^^ 
that  they  are  really  bundles  of  threads,  the  chromonema  having  divided 
repeatedly,  so  that  we  eventually  have  a  structure  something  like  a 
multi-stranded  wire  cable,  each  wire  being  enlarged  periodically  into 
a  ‘chromomere’,  all  the  chromomeres  at  any  one  level  showing  a  ten¬ 
dency  to  fuse  into  transverse  bands  or  disks.  This  is  the  so-called  poly- 
tene  (or  many -stranded)  theory  of  the  essential  nature  of  salivary  gland 
chromosomes  which  is  generally  accepted  to-day,  although  not  by 
Metz^^^,  who  has  put  forward  a  different  interpretation,  while  willing  to 
admit  that  the  salivary  chromosomes  may  be  bundles  of  very  many 
submicroscopic,  and  therefore  invisible,  chromonemata. 

A  new  interpretation  of  the  structure  of  the  salivary  gland  chromo¬ 
somes  which  was  put  forw^ard  by  Ris  and  Crouse^’^  has  not  met  with 
general  acceptance.  These  authors  have  claimed  that  the  chromone¬ 
mata  in  the  sahvary  gland  chromosomes  are  spirally  coiled  and  that  the 
bands  and  chromomeres  are  optical  illusions  based  on  misinterpretation 
of  coiled  structures.  Their  views  have  been  criticized  by  Hinton®^  and 
by  Kaufmann*®. 

It  is  unfortunate  that  the  sahvary  gland  technique  will  never  be 
applicable  to  organisms  other  than  the  dipterous  flies,  since  chromo¬ 
somes  of  this  kind  are  unknown  outside  the  order  Diptera.  It  is  clear, 
however,  that  the  choice  of  Drosophila  as  material  for  genetical  work 
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was  a  far  more  fortunate  one  than  was  realized  before  1934,  when 
sahvary  gland  chromosomes  first  came  into  general  use  in  genetical 

laboratories. 

Even  within  the  Diptera,  however,  the  salivary  gland  nuclei  vary 
greatly  from  one  species  to  another.  A  variety  of  conditions  have  re¬ 
cently  been  described  in  the  gall-midges  (White222.226)^  Thus  in  Miastor 
the  nuclei  of  the  larval  salivary  gland  are  endopolyploid  rather  than 
polytene.  A  particularly  interesting  case  is  that  of  Dasyneura  affinis, 
where  the  salivary  gland  contains  a  proximal  region  (the  ‘basal  re¬ 
servoir’)  in  which  the  nuclei  are  polytene  (i.e.  their  chromosomes  have 
the  typical  ‘salivary  gland’  structure)  and  a  distal  region  in  which  the 
nuclei  are  endopolyploid.  At  the  junction  of  these  regions  a  few  cells 
are  found  which  exhibit  an  intermediate  condition,  the  bundles  of  chro- 
monemata  which  represent  the  ‘polytene’  chromosomes  being  frayed 
out  to  give  a  condition  which  approaches  the  endopolyploid  state  of  the 
more  distal  nuclei.  This  may  be  regarded  as  a  striking  proof  of  the 
reahty  of  ‘polyteny’. 

Another  particularly  interesting  case  among  the  gall-midges  is  that 
of  the  genus  Lestodiplosis  (Plate  4).  Here  all  the  nuclei  of  the  sali¬ 
vary  gland  are  polytene,  but  in  one  particularly  large  cell  situated  in 
the  proximal  part  of  each  gland  they  are  present  in  a  polyploid  condi¬ 
tion — that  is  to  say,  we  have  a  nucleus  which  is  both  polytene  and 
polyploid.  Such  a  condition  could  arise  if  the  chromosomes  in  the  em¬ 
bryo  and  young  larva  first  of  all  went  through  an  endomitotic  phase  in 
which  their  constituent  strands  or  chromonemata  separated  from  one 
another  and  later  continued  to  multiply  chromonemata  which  failed  to 
separate,  so  giving  rise  to  the  polytene  condition  (White^^^). 

Although  it  has  been  known  for  a  long  time  that  the  diameter  of 
the  salivary  gland  chromosomes  varies  along  their  length,  there  being 
characteristic  enlargements  alternating  with  thinner  regions  and  occa¬ 
sional  narrow  constrictions  (see  Plate  I,  Fig.  4),  few  authors  seem  to 
have  considered  the  interpretation  of  these  differences  in  terms  of  the 
polytene  hypothesis.  Suppose  that  one  could  see  the  individual  ehro- 
monemata  in  a  transverse  section  of  a  salivary  gland  chromosome  (which 
is  not  possible  with  existing  techniques),  would  there  be  more  of  them 
in  a  region  of  the  chromosome  that  has  a  larger  cross-sectional  area  (a 
‘  puff’  or  ‘  bulb’)  than  in  a  region  where  the  cross-sectional  area  is  smaller 
(a  ‘  waist’)  ?  If  so,  the  chromonemata  must  branch  and  rejoin  in  the  course 
of  their  length.  Alternatively,  it  is  possible  that  the  chromonemata 
themselves  vary  in  thickness  along  their  length  in  the  same  way  as  the 
chromosome  as  a  whole  does,  or  that  in  the  ‘puffs’  there  is  a  greater 
amount  of  matrix  substance  between  the  chromonemata  than  exists 
in  the  thinner  regions.  In  the  gall- midge  Camptomya  the  salivary  gland 
nuclei  contain  three  chromosomal  elements  of  normal  dimensions  and 
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one  extraordinarily  thick  element  (Plate  3),  but  there  seems  no  reason 
to  regard  this  as  anything  but  an  exaggeration  of  the  differences  in 
diameter  which  exist  along  the  length  of  all  polytene  chromosomes. 

We  have  not  hitherto  said  anything  about  the  condition  of  the  hetero- 
chromatic  regions  in  the  sahvary  gland  nuclei.  In  some  species  of 
Drosophila  and  in  many  of  the  gall-midges  (White^^s)  more  than  one 
type  of  heterochromatin  can  be  seen  in  the  sahvary  gland  nuclei.  In 
some  cases  we  have  heterochromatic  bands  which  are  intensely  charged 
with  stainable  material,  thus  resembhng  the  condition  we  have  referred 
to  as  positive  heteropycnosis  in  mitotic  chromosomes,  while  in  other 
types  of  heterochromatin  the  bands  may  be  weak -staining,  with  their 
chromomeres  only  taking  up  the  dye  peripherahy,  so  that  they  look 
‘hollow’  under  the  microscope.  The  latter  condition  is  possibly  ana¬ 
logous  to  the  negative  heteropycnosis  of  some  mitotic  chromosomes. 

In  Drosophila  the  heterochromatic  regions  round  the  centromeres, 
together  with  the  whole  of  the  Y-chromosome,  are  all  fused  together  to 
form  a  body  known  as  the  chromocentre,  which  consequently  consists 
entirely  of  heterochromatin.  All  the  heterochromatic  regions  are  rela¬ 
tively  much  shorter  in  the  sahvary  gland  chromosomes  than  they  are 
in  ordinary  mitotic  ones.  Thus  the  heterochromatic  part  of  the  X-chro- 
mosome  of  D.  melanogaster ,  which  forms  about  two-fifths  of  the  total 
length  of  the  metaphase  chromosome,  is  represented  by  one-twentieth 
or  less  of  the  sahvary  gland  chromosome. 

The  heterochromatic  regions  in  the  chromocentre  contain  a  few  bands, 
but  these  stain  rather  faintly,  and  the  pairing  of  the  bands  is  not  very 
regular. 

In  most  genera  of  Diptera  other  than  Drosophila  there  is  no  chromo- 
centre,  all  the  chromosomes  in  the  sahvary  gland  nuclei  lying  free  or 
only  loosely  attached  by  their  ends,  so  that  they  are  readily  separated 
during  the  making  of  the  preparation.  The  presence  or  absence  of  a 
chromocentre  does  not  seem  to  be  related  to  the  presence  or  absence 
of  heterochromatic  regions,  since  many  of  the  species  without  a  chromo- 
centre  have  extensive  heterochromatic  regions,  either  intercalary  or 
terminal. 

Not  only  are  the  proximal  heterochromatic  regions  of  the  Drosophila 
sahvary  gland  chromosomes  fused  together  to  form  a  chromocentre, 
the  distal  ends  are  also  normally  attached  together  more  loosely,  so  that 
in  maldng  squashed  preparations  they  are  usually  separated  (Hinton®®), 
and  Shzynski^®^  has  found  that  many  of  the  short  intercalary  hetero¬ 
chromatic  segments  exhibit  occasional  pairing  with  one  another. 

The  appearance  of  the  sahvary  gland  chromosomes  is  an  extremely 
sensitive  index  of  the  nutritional  condition  of  the  larva.  It  has  long 
been  known  that  in  order  to  obtain  really  good  preparations  of  Droso¬ 
phila  sahvarv  gland  chromosomes  the  larvae  need  to  be  abundantly 
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supplied  with  yeast.  The  polytene  chromosomes  of  mosquito  larvae 
were  long  regarded  as  too  thin  and  faint -staining  to  be  of  any  use  for 
a  detailed  analysis,  but  Frizzi^®  has  shown  that  by  supplying  the  larvae 
with  a  particularly  rich  diet  of  yeast  and  Vorticella  the  sahvary  gland 
chromosomes  can  be  induced  to  grow  to  a  much  larger  size,  so  that  they 
are  almost  as  suitable  as  those  of  Drosophila  for  the  detection  of  inver¬ 
sions  and  other  rearrangements. 

It  should  be  emphasized  that  nuclei  of  the  salivary  gland  type  only 
occur  in  cells  which  will  never  divide  again  by  mitosis,  nor  has  any 
experimental  technique  been  discovered  which  will  induce  such  ceUs  to 
divide.  The  three  forms  of  chromonematal  reproduction — mitosis,  en- 
domitosis,  and  polyteny — ^represent  alternative  conditions.  In  mitotic 
reproduction  the  chromonemata  that  are  formed  as  a  result  of  nucleo- 
protein  synthesis  are  segregated  by  a  precise  mechanism  (the  spindle) 
to  different  daughter- cells.  In  endomitosis  the  chromonemata  separate, 
but  in  the  absence  of  any  mitotic  mechanism  they  remain  within  the 
same  nucleus,  thus  leading  to  the  condition  known  as  endopolyploidy. 
In  polyteny  the  multiple  chromonemata  do  not  separate  but  remain 
permanently  in  bundles. 

Why  are  chromosomes  of  the  sahvary  gland  type  unknown  outside 
the  order  Diptera?  We  beUeve  that  this  question  has  not  received  a 
satisfactory  answer.  It  has  been  suggested  that  the  existence  of  the 
sahvary  gland  type  of  chromosome  is  rendered  possible  by  the  ‘  somatic 
pairing’  which  is  so  characteristic  of  dipterous  chromosomes.  While  it  is 
undoubtedly  true  that  it  is  the  somatic  pairing  attraction  which  brings 
together  the  homologous  chromosomes  in  the  sahvary  gland  nuclei, 
there  is  no  reason  to  believe  that  it  plays  a  part  in  preventing  the  hun¬ 
dreds  or  thousands  of  chromonemata  in  each  polytene  chromosome  from 
separating,  since  these  seem  to  be  contained  in  a  single  matrix.  And  in 
the  fuUy  developed  sahvary  gland  nuclei  the  homologous  chromosomes 
seem  to  be  actually  fused  together,  rather  than  merely  held  together 
by  some  force  of  attraction. 

The  largest  chromosomes  of  the  sahvary  gland  type  always  seem  to 
occur  in  the  nuclei  of  ceUs  which  are  active  in  manufacturing  consider¬ 
able  quantities  of  protein,  which  is  undoubtedly  a  clue  to  their  physio¬ 
logical  significance.  But  in  the  Cecidomyids  there  is  a  definite  tendency 
for  the  very  largest  nuclei  of  all  to  be  endopolyploid  rather  than  poly¬ 
tene,  the  chromonemata  falhng  apart  as  the  nucleus  develops  to  its 
maximum  size. 

h.  Structural  Rearrangements  of  Chromosome  Parts 

Chromosomes  may  undergo  breakage  (1)  spontaneously,  i.e.  due  to 
unknown  causes,  (2)  as  a  result  of  stretching  on  the  spindle  at  anaphase, 
(3)  as  a  consequence  of  irradiation,  (4)  after  treatment  of  the  organism 
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with  various  chemical  agents.  The  breaks  produced  in  these  different 
ways  all  seem  to  be  of  the  same  type,  since  they  all  behave  similarly. 

Spontaneous  breakage  only  occurs  very  rarely,  but  Morgan^^^  has 
described  a  case  in  which  a  structural  rearrangement  was  present  in  two 
(possibly  three)  cells  of  a  Drosophila  sahvary  gland,  but  not  in  the  re¬ 
maining  cells.  Here  the  rearrangement  had  obviously  occurred  in  one 
cell  during  the  embryology  of  the  gland.  In  certain  special  cases  a 
chromosome  may  be  hable  to  break  spontaneously  at  a  particular  locus 
with  a  high  frequency  (McCUntock^^i). 

Breakage  as  a  result  of  stretching  on  the  spindle  is  liable  to  occur 
whenever  two  centromeres  in  the  same  chromatid  pass  to  opposite  poles 
at  anaphase,  the  region  between  them  being  simply  pulled  out  until  it 
breaks.  Ordinarily  chromosomes  with  more  than  one  centromere  do 
not  occur  naturally,  but  they  may  arise  as  a  result  of  spontaneous  or 
induced  rearrangements  or  in  ring-chromosomes  which  have  ‘mis- 
divided’  so  as  to  produce  double-sized  rings  with  two  centromeres. 

Freshly  broken  chromosome  ends  which  have  arisen  in  any  of  the 
various  ways  enumerated  above  tend  to  join  up  with  other  freshly 
broken  ends:  they  will  not,  in  general,  fuse  with  ‘natural’  chromosome 
ends  (telomeres).  Any  freshly  broken  end,  whether  heterochromatic  or 
euchromatic,  will  fuse  with  any  other,  so  that  all  possible  types  of  struc¬ 
tural  rearrangement  can  occur,  although  only  chromosomes  containing 
one  centromere  and  two  telomeres  (or  no  telomeres,  in  the  case  of  a  ring- 
chromosome)  are  able  to  persist  through  a  number  of  mitoses.*  Muller^^® 
has  pointed  out  that  since  freshly  broken  ends  all  seem  to  be  of  the  same 
kind,  it  is  unhkely  that  breakage  occurs  within  a  polypeptide  chain,  since 
this  would  be  expected  to  give  rise  to  ‘positive’  and  ‘negative’  ends. 

It  is  easy  to  understand  why  chromosomes  lacking  centromeres  are 
inviable.  Not  being  attached  to  the  spindle  at  mitosis,  they  simply  float 
about  in  the. cytoplasm  and  usually  fail  to  become  included  in  either 
of  the  two  daughter-nuclei  at  telophase.  A  chromosome  which  remains 
for  any  length  of  time  in  the  cytoplasm  between  mitoses  always  seems 
to  disappear  eventually,  being  probably  dissolved  by  enzymatic  action. 

As  a  consequence  of  the  principles  enumerated  above  it  is  evident  that 
before  a  structural  rearrangement  can  occur  in  a  nucleus  two  or  more 
breaks  must  occur,  since  a  single  break  only  produces  two  ‘sticky’  ends, 
and  these  can  only  rejoin  in  such  a  way  as  to  restore  the  original  se¬ 
quence.  On  the  other  hand,  if  the  two  chromatids  of  a  chromosome  are 
both  broken  at  the  same  level  (a  ‘chromosome-break’  as  opposed  to  a 
‘chromatid -break’)  a  process  known  as  sister -strand  reunion  may  occur, 
so  as  to  produce  a  dicentric  chromatid  and  an  acentric  one,  each  con¬ 
sisting  of  two  homologous  portions  joined  together. 

*  Catchosido  and  Loa^*  do  not  accept  the  ‘telomere  hypothesis’,  and  believe 
that  both  terminal  inversions  and  terminal  deletions  can  occur  and  be  viable. 
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We  have  no  idea  how  often  single  breaks  occur  spontaneously,  but 
the  frequency  of  spontaneous  rearrangements  is  so  low  as  to  indicate 
that  the  spontaneous  presence  of  two  independent  breaks  in  the  same 
nucleus  is  an  event  of  extreme  rarity.  In  irradiation  experiments  we 
can,  of  course,  produce  large  numbers,  not  only  of  2-break  rearrange¬ 
ments,  but  also  of  the  more  complex  types  involving  3,  4,  5  or  more 
breaks.  The  most  complex  rearrangement  ever  obtained  was  one  in 
Drosophila  melanogaster  which,  according  to  Kaufmann»^  involved  at 
least  32  breaks  and  possibly  more. 

When  an  organism  is  subjected  to  irradiation  with  ionizing  radiations 
(a-,  jS-,  and  y-radiations.  X-rays,  protons,  or  neutrons)  various  effects  are 
produced  in  its  nuclei.  There  may  be  a  temporary  inhibition  of  mitosis, 
i.e.  nuclei  in  the  resting  stage  or  early  prophase  which  would  otherwise 
have  divided  may  be  prevented  from  doing  so.  Chromosomes  which 
were  in  late  prophase  or  metaphase  at  the  time  of  irradiation  may 
undergo  quite  general  alterations  in  the  surface-properties,  causing  them 
to  stick  together  or  to  undergo  other  changes  (Alberti  and  Politzer^’^; 
White2i8;  Marquardt^^s).  Finally,  a  certain  number  of  chromosome-  or 
chromatid-breaks  will  be  produced.  The  actual  number  of  breaks  pro¬ 
duced  in  any  particular  material  by  a  given  ionization  dosage  is  almost 
impossible  to  determine,  since  the  majority  of  breaks  undergo  restitu¬ 
tion  within  the  first  few  minutes  and  hence  cannot  be  detected.  Lea 
and  Catcheside^i^  have  calculated  by  indirect  methods  that  the  number 
of  ‘primary  breaks’  produced  in  Drosophila  per  1,000  r-units  is  about 
0*75  per  sperm.  In  these  Drosophila  sperms  it  appears  that  all  the 
primary  breaks  remain  ‘open’  until  the  time  of  fertilization,  so  that  it 
makes  no  difference  whether  the  irradiation  is  given  at  a  high  intensity 
for  a  short  while  or  at  a  lower  intensity  over  a  longer  period,  the  number 
of  structural  rearrangements  produced  depending  solely  on  the  total 
number  of  breaks  which  have  accumulated  during  the  life  of  the  sperm 
(Muller^^^).  In  Tradescantia  pollen-grains,  however,  if  the  dosage  is 
applied  at  a  high  intensity  for  a  short  time,  so  that  all  the  primary 
breaks  are  coexistent,  the  yield  of  rearrangements  is  proportional  to  the 
square  of  the  dosage,  while  if  the  irradiation  is  spread  over  a  longer  time, 
or  fractionated,  a  certain  amount  of  restitution  takes  place  in  the  course 
of  the  experiment,  so  that  the  number  of  rearrangements  produced  is 
proportional  to  a  lower  power  of  the  dose  (Saxi’3,i74.  Giles’®).  At  least, 
this  is  so  for  X-rays;  in  the  case  of  neutrons  and  a-rays  the  number  of 
rearrangements  obtained  is  directly  proportional  to  the  dosage  and 
independent  of  the  intensity  factor  (Giles’®;  Thoday^^^),  thus  suggesting 
that  in  most  cases  the  two  breaks  involved  in  a  rearrangement  are 
produced  by  the  same  ionizing  particle  (Catcheside^®). 

Most  of  the  authors  who  have  studied  the  effects  of  irradiation  at 
different  parts  of  the  mitotic  or  meiotic  cycle  agree  that  metaphase  is 
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the  stage  most  sensitive  to  X-rays.  This  is  the  conclusion  of  Metz  and 
Bozemani35  and  Reynolds^®®  for  Sciara,  Sparrow^®’  for  Trillium,  and 
Whiting227  for  the  eggs  of  the  wasp  Habrobracon.  On  the  other  hand, 
Darlington  has  claimed  that  the  breakabihty  of  the  chromosomes  is 
greatest  at  the  end  of  the  resting  stage  and  that  prophase  and  meta¬ 
phase  chromosomes  are  ‘protected  by  their  coat  of  nucleic  acid’  from 
the  effects  of  irradiation  (Darhngton  and  La  Cour®’;  Darhngton®^).  In 
Tradescantia  pollen -grains  grown  on  an  artificial  medium,  Swanson^®’’^®^ 
found  that  the  maximum  yield  of  structural  changes  was  obtained  when 
the  cells  were  irradiated  in  mid-prophase. 

The  effect  of  temperature  during  the  experimental  irradiation  has 
been  studied  by  various  workers.  As  far  as  mutations  are  concerned, 
Timofeeff-Ressovsky  and  Zimmer^^®  could  find  no  effect  of  temperature 
on  the  production  of  sex -finked  lethals  in  Drosophila.  On  the  other 
hand,  the  rate  of  spontaneous  mutation  is  known  to  be  increased  by  rise 
in  temperature. 

As  far  as  structural  rearrangements  are  concerned,  irradiation  at 
higher  temperatures  leads  to  a  decrease  in  the  number  of  breaks  ob¬ 
served  in  Tradescantia,  probably  because  restitution  is  more  frequent 
at  higher  temperatures  (Lea^^^).  In  Drosophila,  Muller^^®  reported  that 
the  temperature  at  the  time  of  irradiation  had  no  effect  on  the  number 
of  translocations  produced,  but  his  conclusions  are  not  supported  by  the 
recent  work  of  Baker^®. 

Treatment  with  ultraviolet  radiation  following  X-rays  leads  to  a 
decrease  in  the  number  of  rearrangements  obtained  in  Drosophila  (Kauf- 
mann  and  Hollaender®®),  presumably  because  the  ultraviolet  radiation 
favours  restitution  |  that  ultraviolet  radiation  alone  does  not  lead  to  the 
production  of  chromosomal  rearrangements  in  Drosophila  was  shown  by 
Muller  and  Mackenzie!^®  ^nd  Demerec  et  aU^.  Treating  male  flies  with 
near-infra-red  radiation  (A  =  10,000  A)  for  1-3  days  before  irradiation 
with  X-rays  led  to  a  significant  increase  in  the  number  of  rearrange¬ 
ments  obtained  (Kaufmann,  Hollaender,  and  Gay^®®):  the  action  of  the 
infra-red  radiation  in  ‘sensitizing’  the  chromosomes  to  X-radiation  is 
not  understood. 

The  discovery  that  various  types  of  chemical  substances  are  capable 
of  producing  chromosome-breaks  as  well  as  causing  gene-mutations 
when  introduced  into  the  cell  is  a  relatively  recent  one  (Auerbach  ’  , 
Auerbach,  Robson,  and  Carr®;  Darlington  and  Koller^s).  The  sub¬ 
stances  in  question  include  mustard  gas  -dichloroethyl  sulphide), 
nitrogen  mustards  (CH3.N(CH2. CH2C1)2  and  N(CH2. CH2C1)3).  Allyl 
isothiocyanate,  which  has  a  weak  capacity  to  produce  mutations,  has 
not  been  shown  to  be  capable  of  causing  chromosome-breaks  (Auerbach 
and  Robson®).  Of  the  many  carcinogenic  substances  found  by  Demerec^® 
to  possess  mutagenic  activity,  only  two  (1,  2,  5,  6-dibenzanthracene  and 
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benzpyrene)  have  been  shown  to  produce  chromosome  rearrangements 
in  Drosophila. 

It  is  not  known  what  causes  spontaneous  structural  rearrangements. 
Obviously,  the  vast  majority  of  these  will  be  relatively  simple  in  type 
(i.e.  two-break  rearrangements)  since  the  probabihty  of  more  than  two 
breaks  coexisting  in  the  same  nucleus  is  extremely  small.  Spontaneous 
rearrangements  lead  to  (1)  a  situation  in  which  several  alternative  gene 
sequences  are  present  in  a  local  population  or  in  the  species  as  a  vhole, 
(2)  permanent  evolutionary  changes  in  chromosome  morphology.  Thus 
in  many  species  of  Drosophila  the  natural  populations  are  highly  poly¬ 
morphic  in  regard  to  gene-sequence,  due  to  chromosomal  inversions 
which  are  present  in  some  individuals  but  not  in  others.  All  the 
differences  in  chromosome  number  and  shape  between  different  species, 
other  than  those  due  to  polyploidy  or  reduphcation  of  whole  chromo¬ 
somes,  must  be  due  to  spontaneous  inversions,  translocations,  duphca- 
tions,  and  deletions  which  have  occurred  in  the  past.  In  the  case  of 
mutations  it  has  been  shown  that  their  rate  of  natural  occurrence  is 
greater  than  could  be  accounted  for  if  it  were  entirely  due  to  cosmic 
radiation  or  to  radioactive  substances  in  the  earth’s  crust.  As  far  as 
spontaneous  rearrangements  are  concerned,  such  a  calculation  has  not 
been  made,  since  their  rate  of  occurrence  is  too  low  to  be  measured 
accurately. 

i.  Position  Effects 

Structural  rearrangements  are  frequently  accompanied  by  genetic 
effects,  and  these  are  of  several  kinds.  In  the  first  place,  Catcheside  and 
Lea  have  developed  the  theory  that  most,  if  not  all,  of  the  ‘recessive 
lethals’  produced  by  irradiation  which  are  not  due  to  demonstrable 
structural  rearrangements,  such  as  deletions  or  duphcations  visible  in 
the  sahvary  gland  chromosomes,  are  the  result  of  breaks  which  have 
‘restituted’,  i.e.  where  the  two  broken  ends  have  joined  up  in  the  same 
sequence  as  before  (see  Lea  and  Catcheside^^^;  Lea^^^).  Thus  it  seems 
that  the  process  of  breaking  may  inflict  an  ‘injury’  on  a  gene,  even 
though  the  break  joins  up  again. 

In  the  second  place,  it  is  now  well  known  that  structural  rearrange¬ 
ments  are  often  accompanied  by  apparent  mutation  near  the  point  of 
breakage.  It  has  recently  become  clear  that  these  are  true  ‘position 
effects’,  due  to  a  gene  having  an  altered  function  when  it  is  removed  to 
a  new  situation  in  the  chromosome.  If  the  gene  is  returned  to  its  pre¬ 
vious  position  in  the  sequence  (e.g.  by  crossing-over)  it  regains  its  original 
functions,  thereby  proving  that  it  has  not  been  permanently  altered. 

Position  effects  are  of  several  types;  some  are  merely  changes  in  the 

degree  of  dominance  of  a  gene,  while  others  simulate  gene  mutations  of 
various  kinds. 
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So  far,  position  effects  are  only  known  with  certainty  in  Drosophila 
and  in  the  plant  Oenothera,  where  a  single  case  has  been  reported  by 
Catcheside^^.  In  maize,  in  spite  of  the  relatively  large  number  of  struc¬ 
tural  rearrangements  which  have  been  studied,  no  position  effects  are 
known. 

It  is  not  always  the  genes  next  to  the  point  of  rearrangement  which 
show  the  position  effect — such  effects  may  also  be  shown  by  genes  lo¬ 
cated  some  distance  from  the  site  of  union  (in  one  case  separated  from 
it  by  50  bands  in  the  salivary  gland  chromosome).  Probably  some 
genes  are  more  ‘sensitive’  to  rearrangement  than  others,  so  that  when 
chromosomes  are  broken  in  the  immediate  neighbourhood  of  ‘insensi¬ 
tive’  genes,  it  will  be  ones  farther  away  that  will  show  position  effects 
most  clearly.  Rearrangements  where  one  break  is  located  in  a  hetero- 
chromatic  region  and  one  in  a  euchromatic  region  seem  to  be  particu¬ 
larly  liable  to  lead  to  position  effects.  A  number  of  such  rearrangements 
lead  to  ‘mosaicism’,  i.e.  they  seem  to  produce  an  instability  in  a  gene 
situated  near  the  point  of  union,  which  henceforth  undergoes  frequent 
mutations  in  some  of  the  somatic  cells. 

The  mechanism  of  position  effects  is  still  unknown.  On  the  one  hand 
it  has  been  suggested  that  it  is  due  to  some  sort  of  local  chemical  inter¬ 
action  between  neighbouring  genes  or  between  their  products.  This 
seems  the  most  Likely  explanation,  but  the  nature  of  the  interaction  can 
only  be  guessed  at.  On  the  other  hand,  Ephrussi  and  Sutton®^  have  put 
forward  the  hypothesis  that  structural  rearrangements  may  lead  to 
disturbances  in  somatic  pairing  and  that  these  may  produce  position 
effects.  This  would  explain  why  position  effects  are  known  in  Droso¬ 
phila,  whose  chromosomes,  in  common  with  those  of  most  Diptera, 
show  somatic  pairing,  but  not  in  maize,  cotton,  mice,  and  other  organ¬ 
isms.  But  on  Ephrussi  and  Sutton’s  hypothesis  one  would  expect 
position  effects  to  be  much  weaker  or  absent  altogether  when  the  re¬ 
arrangement  is  present  in  the  homozygous  condition,  which  is  em¬ 
phatically  not  the  case.  A  more  probable  hypothesis  of  the  same  general 
type  would  be  that  position  effects  arise  when,  in  a  structural  rearrange¬ 
ment,  two  ends  with  different  diameters  are  joined  together  (i.e.  when 
one  break  is  in  a  thick  region,  the  other  in  a  thin  one). 

j.  Meiosis,  Synapsis  and  Crossing -over 

It  is  a  striking  fact  that  the  meiosis  of  plants  and  animals,  lilies  and 
grasshoppers,  protozoa  and  fungi,  seems  to  follow  the  same  general 
course,  the  details  being  usually  very  similar  in  the  two  sexes,  as  far 
as  the  chromosomes  are  concerned.  There  are,  however,  a  few  groups 
of  animals,  such  as  the  scale-insects  and  lice,  in  which  the  meiosis  of 
the  males  is  of  a  highly  modified  type,  and  the  gall-midges,  where 
meiosis  is  anomalous  in  both  sexes.  A  less  profound  modification  of  the 
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meiotic  process  occurs  in  the  higher  Diptera  (including  Drosophila)  in 
which  crossing-over  has  been  abohshed  in  the  male.  These  exceptions, 
however,  merely  emphasize  the  general  uniformity  of  meiosis  in  most 
groups  of  organisms. 

Essentially,  meiosis  consists  of  two  successive  divisions  in  the  course 
of  which  the  chromosomes  only  split  once.  Two  features  of  the  process 
claim  special  attention— the  pairing  (synapsis)  of  homologous  chromo¬ 
somes,  and  the  breakage  and  reciprocal  re-fusion  of  the  chromosoines 
which  constitutes  crossing-over,  and  leads  to  the  appearance  of  chias- 
rrvata  (X-hke  connexions  between  the  two  chromosomes  of  which  each 
‘bivalent’  is  made  up). 

Synapsis  occurs  at  an  early  stage  (‘zygotene’)  in  the  prophase  of  the 
first  meiotic  division.  Usually  the  chromosomes  are  ‘polarized’  before 
pairing  actually  starts;  that  is  to  say,  all  their  ends  are  brought  together 
on  one  side  of  the  nucleus.  The  actual  process  of  pairing  seems  to  be 
due  to  a  highly  specific  force  of  attraction  between  homologous  genes 
or  chromomeres,  since  even  when  structural  rearrangements  such  as  in¬ 
versions  or  translocations  of  quite  short  portions  are  present  in  the 
heterozygous  condition,  they  nevertheless  usually  manage  to  ‘find’  their 
homologues  and  pair  with  them. 

In  general,  pairing  seems  to  be  a  two-by-two  attraction  (Darhngton^® 
and  later  papers).  That  is  to  say,  in  a  triploid  individual,  where  each 
chromosome  is  present  in  triphcate,  Aj  may  pair  with  Ag  in  one  region 
and  with  A3  in  another,  but  all  three  do  not  come  together  in  the  same 
part  of  their  length.  Furthermore,  the  homologous  chromosomes  in  a 
nucleus  do  not  behave  as  if  one  was  emitting  a  negative  pairing  force 
and  the  other  a  positive  pairing  force ;  that  is  to  say,  any  chromosome 
region  can,  and  normally  will,  pair  with  any  other  homologous  region. 

It  will  be  obvious  that  there  are  no  inorganic  analogies  for  a  system 
of  perhaps  10,000  different  forces  of  attraction,  each  capable  of  being 
exerted  over  a  distance  of  several  p  and  being  sufficiently  powerful  to 
bring  the  threads  together  from  that  distance,  through  a  somewhat 
viscous  medium.  Faberge*®  has  considered  some  of  the  physical  pro¬ 
perties  which  such  forces  must  possess:  his  particular  suggestion,  namely, 
that  pairing  depends  on  some  form  of  Bjerknes  effect  (homologous  genes 
acting  as  pulsators  with  a  characteristic  frequency  and  in  phase  wdth 
one  another)  may  prove  to  be  wrong;  but  there  can  be  no  doubt  that 
he  has  focused  attention  on  the  need  for  consideration  of  chromosome 
pairing  by  physicists.  Most  authors  have  assumed  that  chromosome 
pairing  involves  an  attraction  between  like  molecules,  but  Friedrich- 
Freksa®’  has  put,  forward  a  hypothesis  according  to  w'^hich  each  gene 
consists  of  two  parts,  the  nucleic-acid  part  of  each  attracting  the  protein 
part  of  the  homologous  gene  and/or  vice  versa.  Possibly  the  explana¬ 
tion  of  the  mechanism  of  chromosomal  synapsis  will  come  from  w'ork 
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on  analogous  phenomena  in  suspensions  of  virus  particles  (Bernal  and 
Fankuchen^®),  as  suggested  by  Muller^^®. 

If  synapsis  is  the  first  mystery  of  the  meiotic  process,  crossing -over 
(chiasma-formation)  is  the  second.  Ordinarily,  at  meiosis  each  bivalent 
acquires  at  least  one  cross-over  and  frequently  several.  At  a  stage  when 
the  bivalent  (composed  of  two  homologous  chromosomes  paired  through¬ 
out  their  length)  is  effectively  4-stranded  (regardless  of  how  it  actually 
appears  under  the  microscope),  two  of  the  strands,  one  derived  from  one 
chromosome  and  one  from  the  other,  break  at  precisely  the  same  level. 
They  then  proceed  to  rejoin  in  the  opposite  way  to  the  original  one. 
The  result  of  this  is  that  when  the  pairing-attraction  between  the 
chromatids  of  maternal  and  paternal  origin  comes  to  an  end  (as  it 
usually  does  shortly  after  crossing-over  has  taken  place)  the  two  halves 
of  the  bivalent  are  still  held  together  at  the  points  of  crossing-over, 
which  now  appear  as  the  chiasmata  of  the  cytologist. 

There  are  a  number  of  aspects  to  the  process  of  crossing-over  which 
require  further  elucidation.  In  the  first  place,  what  causes  the  threads 
to  break  ?  Secondly,  why  do  two  always  break  at  exactly  correspond¬ 
ing  levels  ?  Thirdly,  why,  having  broken,  do  they  rejoin  ‘the  other  way 
round’ ? 

With  regard  to  the  first  point,  Darlington®^  has  suggested  that 
breakage  results  from  a  tension  imposed  on  the  threads  by  a  relational 
torsion  between  the  homologous  chromosomes.  When  the  chromosome 
sphts  (Darlington  assumes  that  this  takes  place  at  pachytene,  but  the 
point  is  really  immaterial,  since  the  ‘effective’  spht  may  occur  later 
than  the  duplication  process)  the  chromatids  are  unable  to  withstand 
the  strain  and  accordingly  break,  allowing  a  relaxation  of  the  torsional 
strain  to  take  place.  But  it  is  very  dubious  whether  such  a  relational 
torsion  is  always  present,  and  in  very  minute  chromosomes,  no  longer 
than  their  own  diameter,  it  is  difficult  to  see  how  it  could  be  present. 
Nevertheless,  such  chromosomes,  if  regular  members  of  the  chromosome 
complement  of  the  species,  always  undergo  crossing-over  at  meiosis. 
Moreover,  in  N eurospora  the  observations  of  McClintock'^^  demonstrate 
that  the  two  chromosomes  at  pachytene  he  strictly  parallel  ‘hke  rail¬ 
road  tracks’. 

In  ring-X  chromosomes  of  Drosophila,  too,  the  genetical  evidence 
shows  that  crossing-over  is  almost  completely  normal,  although  such 
chromosomes  can  hardly  be  relationally  coiled  about  one  another  in  a 
bivalent  composed  of  two  rings.  The  behaviour  of  these  ring-X  chromo¬ 
somes  at  meiosis  also  demonstrates  that  sister-strand  crossing-over  (i.e. 
crossing-over  between  the  two  chromatids  derived  from  the  same  chro¬ 
mosome)  does  not  occur. 

An  entirely  different  theory  of  crossing-over  was  put  forward  by 
Belhng^^,  w  ho  assumed  that  the  ‘  new  ’  interchromomeric  connexions  onl}^ 
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develop  after  the  chromomeres  have  divided.  The  theory  is  somewhat 
complex  and  does  not  appear  to  have  received  the  recognition  it  de¬ 
serves.  But  in  view  of  certain  difficulties  in  the  way  of  accepting 
either  Belling’s  or  Darlington’s  theory  of  crossing-over  it  seems  more 
probable  that  the  phenomenon  is  due  to  an  alternation  of  different  types 
of  segments  in  the  chromosome  in  which  the  reproduction  and  splitting 
of  the  nucleo -protein  threads  is  not  quite  synchronous.  If  the  two  homo- 
logues  are  held  together  by  a  pairing  attraction  so  long  as  they  are 
effectively  unspUt  and  repelled  as  soon  as  they  are  effectively  split,  then 
a  tension  is  bound  to  develop  where  a  spUt  region  meets  an  unsplit  one 
(White22i).  This  would  account  for  the  known  fact  that  in  many  grass¬ 
hoppers  the  chiasmata  are  locahzed  in  the  neighbourhood  of  ‘frontiers’ 
between  euchromatic  and  heterochromatic  regions. 

One  feature  of  crossing-over  that  needs  to  be  emphasized  is  that  at 
least  one  chiasma  is  formed  in  each  normal  bivalent.  This,  in  itself, 
renders  it  unhkely  that  the  phenomenon  is  caused  by  chance  overlaps 
or  relational  coiling  which,  even  if  they  occur,  are  likely  to  be  highly 
variable  from  one  cell  to  another. 

iv.  The  Nature  of  the  Gene 

Many  attempts  have  been  made  to  arrive  at  estimates  of  the  number 
and  size  of  the  genes.  In  the  first  place,  we  may  consider  those  which 
depend  on  the  direct  evidence  of  microscopical  observation.  The  salivary 
gland  X-chromosome  of  Drosophila  melanogaster  contains  about  1,000 
bands,  which  have  actually  been  mapped,  and  it  is  probable  that  each 
of  these  corresponds  to  a  gene  (see  page  213).  On  the  other  hand,  it  may 
contain  more  bands,  and  hence  more  genes.  Muller  and  Prokofieva ’s^^® 
very  careful  genetical  and  cytological  mapping  of  a  particular  region 
suggested  that  the  genes  are,  on  the  average,  about  0-125/z  apart,  so 
that  there  may  be  as  many  as  1,600  (rather  than  1,000)  in  the  200  p- 
long  salivary  gland  X-chromosome.  Now  the  volume  of  the  euchro¬ 
matic  (i.e.  genetically  active)  part  of  this  chromosome  at  a  spermato- 
gonial  metaphase  is  about  0-34 Bearing  in  mind  that  this  consists 
of  two  chromatids  and  assuming  the  chromosome  to  be  entirely  com¬ 
posed  of  genes,  this  would  give  each  gene  a  volume  of  about  100,000  m/x®, 
corresponding  to  a  cube  whose  edges  are  ‘iOmp  long.  This  is  clearly  a 
maximum  size  for  the  gene,  since  it  not  only  assumes  that  there  are  no 
Ron-genic  portions  of  the  chromosome  (matrix,  intergenic  connexions), 
but  also  that  each  chromatid  is  a  single  string  of  genes  and  is  not  divided 
mto  half-chromatids,  quarter-chromatids,  &c.  These  assumptions  are 
unlikely,  particularly  when  we  consider  that  the  volume  of  the  chromo¬ 
some  set  of  a  grasshopper  is  perhaps  100  times  that  of  the  chromosome 
setjf  D.  melanogaster)  it  is  inherently  improbable  that  grasshoppers  have 
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100  times  as  many  genes  as  Drosophila,  or  that  their  genes  are  100  times 
the  size  of  those  of  Drosophila. 

Using  entirely  different  premisses,  and  basing  their  calculations  on 
the  ‘target  theory’  of  the  biological  effects  of  radiations,  which  assumes 
that  ionization  inside  a  gene  invariably  causes  a  mutation  and  that 
ionization  outside  a  gene  never  does,  Lea  and  Catcheside^^^  arrived  at 
an  estimate  of  4-8  mp  for  the  diameter  of  the  gene.  They  beheve  this 
estimate  to  be  correct  to  a  factor  of  2.  The  diameter  of  the  gene  thus 
probably  lies  between  4  and  46  mp,  and  the  total  number  of  genes  in 
the  haploid  chromosome  set  of  Drosophila  is  perhaps  between  5,000  and 
10,000  (see  Section  g).  They  are  almost  certainly  nucleo -protein  in 
nature,  but  whether  each  gene  contains  two  types  of  nucleic  acid  and 
two  types  of  protein  or  only  one  of  each,  as  seems  more  probable,  is 
still  unknown. 

The  most  recent  work  of  Tatum  and  Lederberg^^®  and  Lederberg^^^ 
indicates  that  heredity  in  bacteria  also  depends  on  particulate  genes 
and  that  in  one  species  of  bacterium  at  any  rate  {Escherichia  coli)  these 
genes  undergo  a  form  of  re-combination  remarkably  Hke  crossing- 
over  in  the  higher  organisms.  As  far  as  the  bacterial  viruses  (bacterio¬ 
phages)  are  concerned,  the  work  of  Luria^^'^  suggests  that  they  are  com¬ 
posed  of,  or  contain,  a  number  of  genetic  sub-units,  perhaps  as  many  as 
fifty  in  some  cases. 

Probably  classical  genetics  and  cytology  have  gone  about  as  far  as 
they  are  capable  in  exploring  the  gene:  it  remains  for  the  chemists  to 
complete  the  analysis  of  what  Beadle^*  has  called  the  ‘  irreducible  units 
of  living  systems’. 
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PLATE  1 


Figs.  1  and  2.  Fifth  cleavage  division  in  the  mite  PecUciilopsis  grammum 
showing  the  eliminationdiodies  lietween  the  cliromosomes.  Fig.  1  is^  an  early 
stage  of  anaphase,  Fig.  2  a  slightly  later  one.  Preparation  by  Dr.  K.  .  Cooper. 
Fixation:  Navashin’s  fluid.  Staining :  Heidenhain’s  haematoxylin 


Fig.  3.  Diploid,  tetraploid,  octoploid  and  (  ?)  16-ploid  somatic  nuclei 
in  the  wall  of  the  testis  of  the  locust  Schistoccrca  gregaria.  Fixation  :  Flem¬ 
ming’s  fluid.  Staining:  Gentian  violet  by  Newton’s  method 


Fig.  4.  Part  of  a  salivary  gland  chromosome  in  Chironomus  sp.  Fixation 
and  staining:  1  per  cent,  orcein  in  45  per  cent,  acetic  acitl 
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Fig.  1.  X-chromosome,  showing  heteropycnosis  and  spiral  structure  in  a  spermatogonial 
resting  nucleus  of  the  long-horned  gi’asshopper  Platycleis  grisea.  Fixation-.  Strong  Flem¬ 
ming’s  fluid.  Staining:  Gentian  violet  by  Newton’s  method 


Fig.  2.  X-chromosomes 
hopper  Insara  gracillima 
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iwing  spiral  structure  in  spermatogonia  of  the  long-horned  grass- 
ixaSon:  San  Felice’s  fluid.  Staining:  Gentian  violet  by  Newton’s 
method 
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Chromosomes  of  Gamptomya  sp. 
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Fig.  1.  Chromosomes  of  1 
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PLATE  1 

Figs.  1  and  2.  Fifth  cleavage  division  in  the  mite  Pediculopsis  graminum, 
showing  the  elimination-bodies  between  the  chromosomes.  Fig.  1  is  an  early 
stage  of  anaphase.  Fig.  2  a  slightly  later  one.  Preparation  by  Dr.  K.  W.  Cooper. 
Fixation:  Navashin’s  fluid.  Staining:  Heidenhain’s  haematoxylon. 

Fig.  3.  Diploid,  tetraploid,  octoploid,  and  ( ?)16-ploid  somatic  nuclei  in  the 
testis  wall  of  the  locust  Schistocerca  gregaria.  Fixation :  Flemming’s  fluid.  Stain¬ 
ing  :  Gentian  violet  by  Newton’s  method. 

Fig.  4.  Part  of  a  salivary  gland  chromosome  of  Chironomxis  sp.  Fixation  and 
Staining:  Aceto-orcein. 


PLATE  2 

Fig.  1.  X-chromosome,  showing  heteropycnosis  and  spiral  structure,  in  a 
spermatogonial  resting  nucleus  of  the  long-homed  grasshopper,  Platycleis  grisea. 
Fixation:  Flemming’s  fluid.  Staining:  Gentian  violet  by  Newton’s  method. 

Fig.  2.  X-chromosomes  showing  spiral  structure  in  spermatogonia  of  the  long- 
homed  grasshopper,  Insara  gracillima.  Fixation:  San  Felice’s  fluid.  Staining: 
Gentian  violet  by  Newton’s  method. 

PLATE  3 

Figs.  1  and  2.  Camptoinya  sp.  salivary  gland  nuclei  moderately  flattened. 
C.  Nucleolar  chromosome.  D.  The  wide  chromosome.  Fixation  and  Staining: 
Aceto-orcein. 


PLATE  4 

Fig.  1.  The  chromosomes  of  ordinary  salivary  gland  nuclei  in  Lestodiplosis 
sp.  1.  From  an  individual  heterozygous  for  a  sub  terminal  inversion  in  Chromo¬ 
some  A.  Fixation  and  Staining:  Aceto-orcein. 

Fig.  2.  Photomicrograph  (taken  with  a  Leitz  4  mm.  dry  apochromatic  objec¬ 
tive)  showing  the  chromosomes  in  a  giant  cell  nucleus  of  Lestodiplosis  sp.  1, 
well  spread  out.  This  nucleus  is  structurally  homozygous  (i.e.  without  inversion). 
Fixation  and  Staining:  Aceto-orcein. 


CHAPTER  VI 

MITOCHONDRIA  AND  THE  GOLGI  COMPLEX 

By  G.  H.  BOURNE 

i.  Introduction 

NO  cellular  components  have  aroused  more  controversy  than  the 
mitochondria  and  the  Golgi  apparatus  and,  as  a  result,  any  at¬ 
tempt  to  discuss  them  is  fraught  with  pitfalls.  Since  the  earlier  work 
on  these  organelles  has  been  adequately  reviewed  in  1924  by  Cowdry®^ 
and  in  1931  by  MacBride  and  Hewer^^,  reference  is  made  in  this  chapter 
mainly  to  work  which  has  been  published  since  the  appearance  of  these 
reviews.  In  the  case  of  the  Golgi  apparatus  there  are  even  more  recent 
summaries  of  our  knowledge;  one  by  Kirkman  and  Severinghaus  in 
1938^2®,  one  by  Hirsch  in  1939^®®,  and  one  by  Hibbard  in  1945^®’.  In 
consequence  only  certain  aspects  of  the  study  of  the  Golgi  apparatus 
will  be  dealt  with  in  this  chapter.  Those  who  wish  for  further  en¬ 
lightenment  on  the  problem  of  neutral  red  cytology,  the  role  of  the 
Golgi  apparatus  in  male  and  female  germ  cells,  and  other  problems  not 
dealt  with  here  should  consult  these  reviews. 

ii.  Mitochondria 

a.  General 

Mitochondria  or  chondriosomes  are  elements  of  definite  form  in  the 
cytoplasm  of  all  cells.  They  lie  freely  in  the  cytoplasm,  possess  the 
power  of  independent  movement,  and  may  take  the  form  of  filaments, 
of  rods,  or  of  granules.  Although  they  were  originally  described  by  Alt- 
mann®  between  1880  and  1890  and  were  called  Altmann’s  granules,  they 
had,  according  to  Cowdry®®,  been  seen  and  described  son^e  years  before. 

Following  the  description  of  these  granules  there  was  a  period  in 
which  various  workers  showed  that  many  structures  thought  to  be 
characteristic  of  cells,  including  Altmann  s  granules,  could  be  repro¬ 
duced  at  will  by  the  use  of  different  fixatives  and  staining  procedures 
in  models  of  cells.  The  result  was  that  Altmann’s  granule  theory  was 
discarded.  In  1897,  however,  Benda  demonstrated  similar  objects  in 
cells  without  realizing  that  they  were  the  same  as  those  described  b\ 
Altmann.  He  called  them  ‘mitochondria’  and  was  able  to  demonstrate 

them  in  both  fixed  and  living  cells. 

There  are  now  something  like  fifty  synonymous  terms  in  existence 
for  these  structures.  The  term  ‘mitochondria’,  which  has  remained  m 
common  use,  comes  from  two  Greek  words  meaning  respectively  ‘  thread 
and  ‘granule’.  The  name  is  apt  because  mitochondria  are  either  in  the 
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form  of  filaments  or  small  rods  and  granules;  in  the  cells  of  some  organs 
the  latter  form  is  typical.  In  most  animal  cells  the  shape  of  the  mito¬ 
chondria  is  characteristic  for  one  particular  organ.  For  example,  in  the 
adrenal  cortex  they  are  in  the  form  of  short  rods  or  granules,  whereas  in 
the  cells  of  the  intestine  they  are  more  usually  filamentous.  They  may 
change  in  form  in  secreting  glands.  Thus  in  the  pancreas  they  are 
believed  to  break  up  and  form  granules  which  eventually  metamorphose 
into  zymogen  granules.  The  diameter  of  mitochondria  in  individual 
cells  is  extraordinarily  constant,  and  though  they  may  increase  in  size 
they  never  do  so  by  increasing  their  girth,  but  by  an  increase  of  length. 
Sometimes  mitochondria  may  clump  together  and  coalesce ;  the  bodies 
so  formed  are  called  chondriospheres.  Such  bodies  often  occur  in  scurvy. 


Text-fig.  1.  Mitochondria  in  scurvy.  Re-drawn  after  Bourne^’. 
A.  Liv'er  cell ;  b  and  c.  Kidney  cells. 


Mitochondria  can  be  seen  quite  clearly  in  tissue-culture  cells  under 
dark  ground  illumination.  Here  they  appear  in  a  state  of  constant 
movement.  This  movement  is  of  two  types:  a  transposition  of  the  whole 
mitochondrion  from  one  part  of  the  cell  to  another  (due  probably  to 
varying  electric  charges  on  the  mitochondrial  and  various  cell  mem¬ 
branes),  and  a  wriggling  movement  by  the  mitochondrion  itself.  In 
addition,  filaments  may  break  up  into  rods  and  these  may  disintegrate 
further  into  granules.  Granules  and  rods  may  join  up  again  and  form 
filaments,  and  the  filaments  may  form  temporary  networks.  Lewis  has 
seen  mitochondria  in  a  living  cell  making  a  series  of  journeys  from  the 
nucleus  to  the  cell  membrane  and  back  again.  Mitochondria  are  fre¬ 
quently  clumped  around  the  archoplasmic  part  of  the  cell. 

According  to  Policard  and  Mangenot  (quoted  by  Bensley  and  Gersh^^), 
mitochondria  are  sensitive  to  heat  and  appear  to  ‘melt’  suddenly  at 
temperatures  of  48°  to  50°  C.,  but  Bensley  and  Gersh  themselves  found 
that  heating  frozen  dried  tissues  to  140°  C.  for  several  hours  in  vacuo  had 
no  effect  on  the  mitochondria. 


Jeffersoni28  in  1945,  using  blow-fly  larvae,  found  that  even  in  living 
tissues  mitochondria  were  sensitive  to  heat,  and  suggests  that  the  libera¬ 
tion  of  mitochondrial  lipoids  by  heat  might  result  in  an  upsetting  of  the 
enzyme  systems  of  an  animal  and  lead  to  irreversible  heat  injury.  There 
IS  evidence  that  high  temperatures  can  cause  the  disintegration  of 

mitochondria  in  living  cells  in  plants,  frogs,  fish,  guinea-pigs,  and  rabbits 
(Belehradek20;  MacCardlei^s). 
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IVlitochondria  seem  to  be  of  universal  occurrence  in  living  cells.  They 
are  well  developed  even  in  amoeba.  Only  in  bacteria  is  their  presence 
doubtful.  Wallin222  and  others  have  compared  mitochondria  to  intra¬ 
cellular  symbiotic  bacteria,  but  this  view  is  not  supported  by  the 
majority  of  cytologists. 

Mitochondria  are  very  sensitive  indicators  of  cellular  injury.  Crush¬ 
ing  of  tissues  with  the  forceps  before  fixation  is  liable  to  cause  them  to 
break  up  into  granules.  Mitochondria  do  not  normally  stain  with  os¬ 
mium  tetroxide  (osmic  acid)  but  in  injured  cells  they  frequently  do,  and 
this  may  indicate  an  increase  in  the  amount  of  unsaturated  fat  or  lipoid. 
In  scurvy  the  mitochondria  break  up  and  coalesce  (Text-fig.  1,  a,  b, 
and  c),  in  beri-beri  they  do  not  change.  In  cyanide  poisoning  mito¬ 
chondria  maintain  their  shape,  but  their  movement  is  inhibited.  It  may 
be  of  interest  that  mitochondria  have  been  regarded  as  possessing  a 
respiratory  function,  and  cyanide  is  known  to  inhibit  certain  respiratory 
enzyme  systems. 

In  the  formation  of  fat  and  lipoid  in  the  animal  cell  the  number  of 
mitochondria  decreases.  In  plant  cells  it  decreases  with  the  formation 
of  plastids.  It  is  claimed  by  some  workers  that  plastids  are  formed  from 
the  Golgi  apparatus,  but  Guillermond^^  has  provided  fairly  convincing 
evidence  of  their  origin  from  mitochondria.  In  primitive  red  blood  cells 
the  mitochondria  decrease  with  the  appearance  of  haemoglobin.  Various 
authors  have  claimed  that  they  are  associated  with  a  wide  variety  of 
cellular  products. 

jVIitochondria  are  believed  by  some  to  play  a  part  in  the  formation 
of  yolk  in  some  eggs  and  to  form  the  middle  piece  of  the  mature  sper¬ 
matozoon.  (For  a  detailed  review  of  this  subject  see  MacBride  and 
Hewer^®^.)  Meves^®®  has  observed  a  mingling  of  male  and  female  mito¬ 
chondria  after  fertilization  in  Ascaris,  and  believes  that  a  conjugation 
between  them  takes  place.  In  the  developing  embryo  of  the  bat  the 
male  mitochondria  sometimes  pass  to  only  one  of  the  first  two  cells 
formed  by  division  of  the  fertilized  egg.  In  some  Echinids  they  have 
been  traced  into  only  one  of  the  cells  of  a  3 2 -celled  embryo.  In  other 
cases,  e.g.  Nereis,  however,  the  middle  piece  of  the  sperm,  which  carries 
the  mitochondrial  material,  does  not  enter  the  egg  at  all. 

The  measurement  of  the  amount  of  mitochondria  in  cells  presents 
difficulties  owing  to  the  unavoidable  differences  in  the  techniques  and 
the  impossibility  of  complete  standardization.  Nevertheless,  Thurlow^i^ 
has  made  an  attempt  to  do  so  in  the  nerve  cells  of  white  mice.  She  found 
that  there  was  a  constant  number  of  mitochondria  per  unit  volume  of 
cytoplasm.  The  cells  of  some  organs,  however,  may  be  so  different  in 
mitochondrial  content  from  those  of  other  organs  that  the  difeerence 
may  be  seen  by  simple  microscopical  observation. 

Mitochondria  tend  to  aggregate  around  the  spindle  in  cell  division. 
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and  as  a  result  of  the  pinching-in  of  the  cytoplasm  they  are  divided 
between  the  two  cells  in  approximately  equal  quantities.  In  the  case  ot 
fibroblasts  the  mitochondria  break  up  into  smaller  bodies  and  become 
scattered  through  the  body  of  the  ceU.  Many,  however,  remain  filamen¬ 
tous.  Division  of  the  cell  body  again  results  in  approximately  equal 
distribution  (Plate  1,  Fig.  2). 

Pollisteri®^  has  shown  that  mitochondria  lie  parallel  to  the  course  of 
diffusion  in  cells.  The  orientation  of  the  mitochondria  in  cells  is  due 
to  the  ‘parallel  orientation  by  long  protein  molecules— the  structure 
proteins — of  the  hyaloplasm’. 

6.  Structure  and  Composition  of  Mitochondria 

That  mitochondria  are  cell  organs  of  definite  shape  and  structure  was 
demonstrated  by  Beams  and  King^®*^®,  who  found  that  in  the  ultra- 
centrifuged  cells  of  rat  liver  the  mitochondria  maintained  their  shape 
and  were  thrown  centrifugally  within  the  cell.  The  latter  fact  indicates 
that  they  are  denser  than  the  cytoplasm. 

There  is  good  evidence  that  mitochondria  have  a  double  structure. 
It  may  be  seen  sometimes  in  mitochondria  in  vitro,  and  in  any  case  it 
may  become  more  obvious  in  large  masses  of  mitochondrial  material. 
The  outer  sheath  or  cortex  of  this  double  structure  from  the  opera¬ 
tion  of  the  Gibbs  law  probably  contains  a  large  amount  of  fat  or  hpoid. 
Mitochondria  are  stained  by  a  method  similar  to  that  used  for  staining 
Mycobacterium  tuberculosis  and  Mycobacterium  leprae.  These  bacteria 
are  stained  by  treating  them  for  some  minutes  with  a  hot  phenolic  solu¬ 
tion  of  basic  fuchsin.  Once  stained  in  this  way  they  resist  the  destaining 
action  of  acid  alcohol.  They  are  known  as  ‘acid -fast’  bacteria,  and  their 
staining  idiosyncrasies  are  believed  to  be  due  to  the  presence  of  a  waxy 
or  hpoidal  coat.  Mitochondria  are  stained  with  hot  acid  fuchsin  and 
resist  the  decolorizing  action  of  picric  acid  for  a  longer  period  than  most 
of  the  other  cellular  constituents.  (For  details  see  Cain^®-^^.)  Up  to  the 
time  of  the  development  of  the  freezing -drying  method  for  histological 
fixation  it  was  believed  that  most  of  the  substance  of  mitochondria  was 
soluble  in  acetic  acid,  alcohol,  ether,  chloroform,  acetone,  and  other  fat 
solvents.  Mitochondria  have  a  low  refractive  index  which  supports  the 
theory  of  their  lipoid  nature,  and  on  occasions  they  may  stain  with 
osmium  tetroxide.  According  to  Cowdry  their  smooth  outhnes  suggest 
myehn  bodies. 

Baker^^  has  apphed  his  acid  haematin  test  for  hpins  to  a  variety  of 
tissues  and  finds  that  in  each  case  the  mitochondria  give  a  positive  reac¬ 
tion.  The  tissues  he  used  included  convoluted  tubules  of  frog  and  mouse 
kidney,  mouse  fiver  cells,  and  mouse  spermatozoa  (the  middle  piece  of 
which  is  of  mitochondrial  origin). 

Examination  of  isolated  mitochondria  under  the  electron  microscope 
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(Claude  and  Fullam®^)  shows  that  some  mitochondria  contain  small  bodies 
up  to  100  m/a  in  diameter  which  have  a  greater  electron  density  than 
the  rest  of  the  mitochondria.  Mitochondria  of  spermatozoa  also  show 
internal  bodies  (Schmitt^®®). 

It  seems  likely,  therefore,  that  hpin  is  a  characteristic  constituent  of 
mitochondria,  and  further  information  on  the  subject  has  been  provided 
by  the  work  of  Bensley  and  Gersh^^,  using  the  freezing-drying  method 
for  fixation  of  tissues.  This  method  was  originally  introduced  by  Alt- 
mann,  who  froze  tissue  at  a  temperature  of  — 15°  to  — 20°  C.  and  then 
dehydrated  it  in  a  vacuum.  This  technique  was  subsequently  improved 
by  Gersh^®.  As  outlined  by  Bensley  and  Gersh^^  the  new  technique  is 
as  follows.  The  tissue  on  removal  from  the  body  is  frozen  immediately 
in  liquid  air.  It  is  then  placed  in  a  chamber  cooled  to  —20°  C.,  and 
with  the  aid  of  a  ‘Hy-vac’  pump  and  a  mercury  vapour  pump  an  initial 
vacuum  of  0-001  mm.  of  mercury  is  estabhshed,  and  as  the  tissue  water 
evaporates  the  vacuum  rises  to  0-0001  mm,  of  mercury.  This  vacuum 
is  maintained  for  12  hours,  by  which  time  the  drying  of  the  tissues  is 
presumed  to  be  complete.  They  are  then  transferred  directly  into 
melted  paraffin  for  a  few  minutes,  then  embedded,  sectioned,  and 
mounted  without  the  use  of  water.  The  dehydrating  effect  of  the 
vacuum  depends,  according  to  Gersh,  upon  the  fact  that  water  cooled 
to  — 20°  C.  has  a  vapour  pressure  of  0-9441  mm.  of  mercury.  In  a 
vacuum  of  1  x  10“'*  the  vapour  pressure  of  the  ice  in  the  tissue  will  be 
much  greater  than  that  of  such  a  vacuum;  the  result  will  be  a  rapid 
evaporation  of  the  water  and  dehydration  of  the  tissues.  The  advan¬ 
tages  of  this  technique  are  that  the  solid  constituents  of  the  cells  are 
precipitated  in  situ  without  the  extraction  and  diffusion  which  occurs 
as  a  result  of  the  use  of  fluid  fixatives,  and  they  are  precipitated 
chemically  unchanged, 

Bensley  and  Gersh  found  that  the  mitochondria  of  fiver  cells  which 
had  been  treated  by  this  technique  w^ere  unaltered  by  the  application  of 
acetic  acid,  or  by  the  extraction  of  the  tissue  for  50  hours  in  a  Soxhlet 
apparatus  with  alcohol,  chloroform,  acetone,  sulphuric  ether,  or  petro¬ 
leum  ether.  The  same  authors  point  out  that  it  is  possible  that  even 
these  hot  fat  solvents  w^ere  insufficient  to  ‘break  up  a  firm  protein  lipoid 
combination’.  Mitochondria  have  been  shown  to  contain  appreciable 
amounts  of  fatty  material  (see  p.  242),  and  since  they  probably  possess 
an  outer  adsorbed  layer  of  protein,  it  is  not  unlikely  that  the  change  in 
physical  state  of  this  protein  film,  engendered  by  the  freezing-drying 
process,  would  make  it  impermeable  to  fat  solvents.  That  protein  con¬ 
stitutes  as  well  an  inqwrtant  part  of  the  ‘body’  of  mitochondria  is 
shown  by  the  fact  that  these  bodies  disappear  as  a  result  of  the  activity 

of  proteolytic  enzymes  (see  also  p.  240). 

It  is  well  known  that  mitochondria  stain  specifically  with  Janus 
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green  B  (diethylsafraninazodimethylanalin),  although  Hirsch^®®  claims 
that  this  stain  also  demonstrates  the  pre-substance  of  the  Golgi  appara¬ 
tus;  it  also  stains  certain  bacteria.  Cowdry®®  states  that  the  action  of 
Janus  green  B  is  due  to  the  diethylsafranin  part  of  the  molecule  because 
a  dye  of  this  composition  also  stains  mitochondria  specifically.  In  order 
to  differentiate  more  clearly  between  mitochondria  and  bacteria,  Horn- 
ingii’  has  used  a  dye,  produced  by  Robertson,  which  stains  mitochondria 
alone.  This  dye  is  Janus  red,  and  it  is  the  sodium  salt  of  diethylsafranin 
monocarboxyUc  acid. 

Robertsoni®2  observed  that  one  drop  of  a  saturated  solution  of  safra- 
nin  added  to  a  solution  of  trypsin  caused  the  formation  of  a  coloured 
precipitate.  Holtzberg^^®  later  demonstrated  the  proteolytic  activity 
of  this  precipitate.  It  was  then  shown  by  Marston^®®  that  other  azine 
dyestuffs,  including  dimethyldiaminotoluazine  hydrochloride  (neutral 
red),  were  also  able  to  precipitate  proteolytically  active  trypsin  from 
solution.  When  these  dyestuffs  were  added  to  crude  glajid  extracts  the 
resultant  precipitate  showed  only  proteolytic  and  no  lipolytic  or  dia- 
static  activity.  Azine  dyestuffs  will,  however,  precipitate  a  number  of 
proteolytic  enzymes,  e.g.  pepsin,  trypsin,  erepsin,  and  papain.  The 
linJcage  of  dye  to  enzyme  takes  place,  according  to  Marston,  through 
the  basic  nitrogen  of  the  heterocyclic  azine  ring.  In  view  of  these  results 
Marston  pointed  out  that  the  reaction  of  mitochondria  with  Janus  green 
B  may  indicate  that  the  former  contain  proteolytic  enzymes. 

It  is  of  interest  that  neutral  red,  which  does  not  stain  mitochondria, 
also  precipitates  proteolytic  enzymes.  Hirsch^®®  points  out  that  both 
neutral  red  and  Janus  green  B  stain  what  he  describes  as  the  ‘pre¬ 
substance’  of  the  Golgi  apparatus.  On  the  other  hand,  the  true  Golgi 
apparatus  rarely  stains  with  Janus  green,  although  it  may  (or  at  least 
vacuoles  in  close  association  with  it  may)  stain  with  neutral  red.  These 
differences  in  staining  abihty  suggest — if  they  are  dependent  upon  the 
presence  of  proteolytic  enzymes — either  that  different  groups  of  enzymes 
are  present  in  the  two  organs,  or  that  the  attachment  of  the  enzyme  to, 
or  that  the  nature  of  the  substrate  is  different.  It  must  be  remembered, 
however,  that  proteolytic  enzymes  may  be  distributed  in  the  body  of 
the  cytoplasm,  and  the  impression  that  these  enzymes  are  present  in  the 
mitochondria  or  pre-substance  may  be  due  to  the  fact  that  the  chromo- 
phoric  groups  as  they  are  formed  become  concentrated  in  these  bodies. 

Mitochondria  gradually  reduce  Janus  green  B.  Guillermond  and 
Gautheret^®®  point  out  that  this  is  not  a  simple  reduction.  The  colour 
of  the  dye  changes  from  greenish-blue  through  red  to  colourless,  and  in 
the  red  condition  the  dye  may  diffuse  out  into  the  cytoplasm  or  into  the 
nucleus  or  into  both. 

Ludford^^®  found  that  after  the  apphcation  of  a  dilute  solution  of 
methylene  blue  to  tissue  cultures,  the  mitochondria  of  the  cells  stained 


238  MITOCHONDRIA  AND  THE  GOLGI  COMPLEX 

a  brilliant  blue.  Cytoplasmic  granules  and  vacuoles  stained  a  fainter 
blue.  In  some  cells  after  a  time  there  was  a  diffuse  staining  of  the  cyto¬ 
plasm,  but  the  mitochondria  still  remained  visible  because  of  their  more 
intense  blue  colour.  Ludford  found  that  KCN  inhibited  the  vital  stain¬ 
ing  of  the  mitochondria  with  methylene  blue.  Exposure  of  the  cells  to 
a  bright  Ught  caused  a  rapid  bleaching  of  the  blue  colour  of  the  vitally 
stained  mitochondria.  Ludford  believes  that  this  may  be  due  to  injury 
of  the  cell  organs  which  results  from  intense  illumination.  The  disappear¬ 
ance  of  the  colour  may  be  due  to  the  presence  of  reducing  substances 
present  in  the  mitochondria,  or  occurring  in  them  as  a  result  of  injury, 
the  action  of  which  is  catalysed  by  the  bright  hght.  It  is  known  that 
reducing  substances  are  present  in  tissues  which  reduce  methylene  blue 
under  the  stimulus  of  light;  vitamin  C,  for  example,  is  one  of  these 
substances. 

Ludford  also  found  that  fewer  of  the  mitochondria  of  dividing  cells 
stained  wdth  the  methylene  blue  than  those  of  resting  cells,  and  that 
in  less  healthy  cells  the  number  staining  was  likewise  decreased.  Leuco- 
methylene  blue  w^as  found  to  stain  the  mitochondria  very  poorly  or  not 
at  aU,  but  in  vitro  staining  was  also  obtained  by  the  use  of  toluidine  blue 
and  of  brilhant  cresyl  blue.  Some  staining  of  the  mitochondria  was  also 
obtained  with  methylene  blue  by  the  use  of  the  intra  vitam  and  the 
supra  vital  methods,  but  there  was  considerable  variation  of  staining 
by  the  various  cells,  and  Ludford  assumes  that  this  is  related  to  the 
different  oxidation  and  reduction  processes  in  them.  Ludford  concludes 
that  ‘the  staining  process  is  an  expression  of  the  vital  activity  of  the 
cells’.  He  also  points  out  that  the  abihty  to  stain  mitochondria  vitally 
is  not  the  prerogative  of  any  one  dyestuff,  since  while  methylene  blue 
is  a  thiazine  dye  and  toluidine  blue  is  structurally  related  to  it,  brilliant 
cresyl  blue  is  an  oxazine  dye. 

The  discovery  by  Hogeboom  et  that  the  major  proportion  ot 

the  succinic  dehydrogenase  and  an  appreciable  proportion  of  the  cyto¬ 
chrome  oxidase  activities  of  the  hver  ceU  are  present  in  the  mitochondria 
suggests  that  these  organelles,  in  the  hver  cells  at  least,  are  the  major 
sites  of  aerobic  respiration.  It  seems,  therefore,  that  mitochondria  might 
be  regarded  as  important  respiratory  centres  in  the  ceU,  provided,  ot 
course,  that  the  succinic  dehydrogenase  really  is  in  the  mitochondria  an 
is  not  merely  adsorbed  on  to  them  from  the  homogenate.  If  succimc 
dehydrogenase  exists  in  the  mitochondria  of  the  Uving  cell,  this  may  be 
due  to  the  fact  that  it  was  adsorbed  in  the  living  cell  on  to  a  convemen 
surface.  Perhaps  it  is  also  adsorbed  on  to  the  surface  o^^e  Golgi 
material,  and  if  we  could  extract  this  material  from  the  cell  with  the 
same  facility  with  which  we  can  extract  mitochondria  it  might  be 
possible  to  show  the  enzyme  to  be  present  in  this  organelle  as  we  . 

The  presence  of  members  of  the  vitamin  B  complex  in  mitochondria 
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{vide  infra)  is  of  interest  in  view  of  the  fact  that  some  of  these  vitamins 
are  associated  with,  or  form  part  of,  the  enzyme  systems  associated 
with  the  anaerobic  metabohsm  of  carbohydrates.  The  fact  that  these 
vitamins  are  present  not  only  in  the  mitochondria  but  in  other  parts 
of  the  cell  as  well  suggests  that  any  participation  by  the  mitochondria 
in  anaerobic  respiration  is  incidental,  and  that  this  process  is  a  general 
function  of  the  cell. 

Kennedy  and  Lehninger^®^^  have  shown  that  mitochondria  in  addi¬ 
tion  to  possessing  succinic  dehydrogenase  activity  also  catalyse  the 
condensation  of  pyruvic  acid  with  oxalo-acetic  acid  and  the  formation  of 
succinic  acid  from  a-keto  glutaric  acid.  These  three  reactions  represent 
steps  of  fundamental  importance  in  the  Krebs  tri-carboxyhc  acid  cycle. 

Mitochondria  also  contain  coenzyme  I  (of  which  nicotinamide  is  an 
important  constituent)  and  cytochrome  reductase,  which  is  a  flavo-pro- 
tein.  These  two  enzymes  are  a  link  between  the  Krebs  tricarboxylic 
acid  cycle  and  the  cytochrome  system.  It  appears,  therefore,  that  mito¬ 
chondria  contain  the  whole  enzymic  equipment  necessary  for  aerobic 
respiration  of  the  cell.  However,  only  about  half  the  coenzyme  I  and 
cytochrome  reductase  activity  of  the  cell  is  contained  in  the  mito¬ 
chondria,  whereas  these  organelles  contain  80  per  cent,  or  more  of  the 
enzymes  of  the  Krebs  cycle  and  the  cytochrome  system,  so  it  may  be 
that  the  reaction  between  the  mitochondria  and  the  cytoplasm  is  neces¬ 
sary  for  aerobic  respiration  to  proceed  at  its  normal  rate. 

Pyridoxine  and  transaminase  activity  are  also  present  in  mito¬ 
chondria,  though  only  in  the  same  concentration  as  in  the  rest  of  the 
cytoplasm.  The  fact  that  p3rruvic,  oxaloacetic,  and  a-keto  glutaric  acids 
are  the  corresponding  a-keto  acids  of  the  amino  acids  alanine,  aspartic, 
and  glutamic  acids,  need  only  to  be  transaminated  to  form  them,  and 
are  themselves  formed  as  intermediary  products  in  the  course  of  the 
Krebs  cycle,  indicates  the  mechanism  whereby  mitochondria  might 
synthesize  fresh  protein  material,  and  so  increase  in  size  themselves,  or 
synthesize  protein  for  the  cell  as  a  whole.  All  the  fatty-acid  oxidase 
activity  of  the  eell  is  also  in  the  mitochondria,  and  so  is  80  per  cent, 
of  the  octanoxidase  activity. 

Joyet-Lavergne^3®’^3^  claims  that  mitochondria  contain  an  oxidase 
system  which  oxidizes  cobaltous  salts  to  cobaltic,  and  that  these  stain 
the  mitochondria  green. 

Mitochondria,  although  they  appear  to  be  of  a  fatty  nature,  do  not 
stain  with  Sudan  III;  they  may  be  expected  to  contain  protein,  but 
earher  workers  found  that  they  gave  a  negative  reaction  with  IMillon’s 
reagent.  Bensley  and  Gersh^^,  however,  beheve  that  this  may  be  due  to 
the  quahty  of  the  reagent  used.  They  give  the  formula  of  a  I^Iillon’s 
reagent  suitable  for  use  on  cells  (for  details  see  their  paper).  Using  this 
reagent  Bensley  has  obtained  positive  results  from  the  mitochondria 
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of  many  tissues.  Frozen- dried  sections  were  found  to  be  particularly 
suitable  for  use  with  the  reagent,  and  Bensley  and  Gersh  obtained 
positive  results  with  the  mitochondria  of  the  cells  of  Ambly stoma  hver 
prepared  by  this  method. 

The  same  authors  found  that  in  undenatured,  frozen-dried  sections  of 
Ambly  stoma  hver  the  mitochondria  were  destroyed  by  artificial  gastric 
juice  and  artificial  pancreatic  juice  (see  results  of  Tarao^®®  on  effect  of 
proteolytic  enzymes  on  Golgi  apparatus).  They  appear  to  contain  no 
iron  or  polysaccharides.  Gatenby®’  has  discovered  that  in  Limnaea 
mitochondria  are  frequently  coloured  by  a  yellow  pigment  (probably  a 
carotenoid).  Extracted  hver  mitochondria  also  have  a  yellow  appear- 
ance^^.  This  suggested  that  small  amounts  of  carotenoids,  or  perhaps  of 
vitamin  A,  might  occur  in  the  mitochondria  of  cehs  of  other  animals. 
It  was  shown  by  Bourne^®  and  Joyet-Lavergne^®®  that,  as  a  result  of  the 
application  of  antimony  trichloride  in  chloroform  solution,  the  hver 
cehs  of  mammals  showed  the  mitochondria  as  bright  blue  bodies.  Joyet- 
Lavergne  has  apphed  this  reagent  to  a  wide  variety  of  tissues  and  animals 
and  claims  that  in  every  case  the  mitochondria  show  the  same  reaction. 
Antimony  trichloride  is  known  not  to  be  specific  for  vitamin  A  but  to 
give  a  greenish-blue  colour  also  with  carotenoid  pigments;  therefore,  a 
blue  reaction  on  the  part  of  the  mitochondria  may  indicate  that  they 
contain  either  vitamin  A,  or  carotenoid  pigments,  or  both. 

Popper^®®,  using  fluorescence  microscopy,  said  that  there  were  present 
in  epithehal  cells  fine  bars  and  droplets  containing  vitamin  A  which 

simulated  mitochondria  but  which  were  not. 

Jones^®®,  however,  obtained  precise  locahzation  of  the  Carr-Price  blue 
reaction  in  individual  mitochondria  of  haemoblastic  cells.  He  made  no 
attempt  to  differentiate  between  carotenoids  and  vitamin  A. 

Confirmation  of  the  histochemical  test  for  vitamin  A  in  mitochondria 
(see  Bourne®®  and  Joyet-Lavergnei®o*i®i)  is  given  by  Goerner®®>®^’®®  who, 
after  extracting  mitochondria  by  Bensley  and  Hoerr’s  method,  showed 
that  27-32  per  cent,  of  their  weight  was  made  up  of  lipoids  which  con¬ 
tained  vitamin  A.  He  found  that  100  mg.  of  mitochondrial  lipoid  con¬ 
tained  249-910  U.S.P.  units  of  vitamin  A.  He  stated  that  injection  of 
dibenzanthracene  decreased  the  vitamin  A  content  of  liver  mitochondria 
but  increased  the  total  lipoid  content.  He  beheved  that  under  the  in¬ 
fluence  of  dibenzathracene  the  hver  appeared  to  lose  its  abihty  to  spht 
carotene  into  vitamin  A.  Goerner  found  also  that  the  mitochondria  of 
the  cells  of  hver  tumours,  formed  by  injecting  azo-toluene  dyes  into 
animals,  contained  no  vitamin  A,  whereas  those  of  the  surrounding 
healthy  cehs  contained  the  vitamin.  Further,  he  found  that  injection 
of  vitamin  A  increased  the  content  of  this  vitamin  in  the  mitochondria 
of  healthy  cells  but  not  of  tumour  cells.  An  extension  of  this  hne  ot 
investigation  would  probably  provide  valuable  results. 
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It  has  been  shown  by  Leblond^^^,  Bourne^®,  and  Giroud  and  his 
collaborators®^  that  mitochondria  of  some  organs  react  with  acetic 
acid/sUver  nitrate  solution,  which  is  believed  to  demonstrate  vitamin  C 
specifically  in  histological  preparations.  This  was  the  case  in  some 
cells  in  the  adrenal  cortex,  medulla  (Plate  1,  Fig.  4),  corpus  luteum, 
and  anterior  pituitary  glands  (Plate  1,  Figs.  7  and  8)  of  mammals.  In 
some  cells  the  reaction  appears  in  the  Golgi  apparatus  and  in  others 
(more  rarely)  in  both. 

In  addition  to  the  possible  presence  of  vitamin  C,  members  of  the 
vitamin  B  complex  have  also  been  shown  to  be  present  by  Bensley^^  in 
mitochondria.  Those  recorded  so  far  are  vitamin  B^  (aneurin),  riboflavin, 
nicotinic  acid,  pantothenic  acid,  and  pyridoxin.  However,  the  con¬ 
centration  of  these  vitamins  in  mitochondria  w^as  not  shown  to  ac¬ 
count  for  the  major  proportion  of  the  amount  of  these  vitamins  present 
in  hver  homogenates.  Thus  the  members  of  the  B  complex,  though 
present  in  mitochondria,  are  not  contained  exclusively  in  these  orga¬ 
nelles.  Bensley  points  out,  however,  that  it  is  not  impossible  that  the 
presence  of  these  vitamins  in  the  non-mitochondrial  fraction  of  the 
homogenate  may  be  due  to  the  fact  that  they  have  been  leached  out  of 
the  mitochondria  by  saline  solution  used  in  the  homogenization  process. 

It  has  also  been  found  by  Bourne^®  and  Joyet-Lavergne^^®  that  mito¬ 
chondria  frequently  give  a  positive  nitroprusside  reaction,  suggesting 
that  they  contain  glutathione  or  protein -bound  SH  (the  latter  is  regarded 
as  most  hkely  by  Giroud:  personal  communication).  Joyet-Lavergne^^^ 
also  claims  that  cadmium  lactate  reacts  with  cellular  glutathione  to  form 
a  cadmium  glutathione  compound  which  is  visible  under  the  microscope. 
In  applying  this  reagent  to  a  large  variety  of  cells  he  found  that  his  cad¬ 
mium  glutathione  compound  was  locahzed,  particularly  in  the  nucleolus 
and  mitochondria. 

It  has  been  shown  by  Bourne^^  that  the  Schultz  reaction  for  chol¬ 
esterol  when  apphed  to  the  adrenal  gland  showed  the  presence,  in  many 
of  the  cortical  cells,  of  small  granules  and  rods  strikingly  similar  to 
mitochondria.  A  similar  but  less  intense  reaction  was  shown  by  the 
hver,  and  this  mitochondrial  reaction  did  not  appear  in  any  other  organ 
treated  with  Schultz  reagent.  The  absence  of  a  reaction,  however,  may 
be  due  to  the  presence  of  glycerine,  although  this  may  be  inhibited  if 
stearic  acid  is  also  present  (Whitehead^^?). 

One  of  the  most  important  advances  in  the  study  of  the  chemical 
nature  of  mitochondria  has  been  made  by  Bensley  and  Hoerr25,  who 
extracted  mitochondria  from  liver  cells  and  subjected  them  to  various 
chemical  analyses.  These  two  authors  found  that  mitochondria  of  the 
hver  of  the  guinea-pig  and  rabbit  were  completely  insoluble  in  0-85  per 
cent.  saUne,  and  that  if  a  liver  emulsion  was  subjected  to  differential 
centrifugation  practically  pure  mitochondrial  substance  might  be 
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obtained.  Analyses  of  such  extracted  mitochondria  showed  that  43*6  per 
cent,  of  the  dry  weight  was  of  a  fatty  nature.  Cytologists  have  always 
regarded  mitochondria  as  containing  a  large  amount  of  lecithin  or  other 
phosphohpid  substances.  Bensley  and  Hoerr,  however,  found  that  there 
was  no  precipitation  of  lecithin  or  cephalin  when  acetone  was  added  to 


Text-fiq.  2.  Vitamin  C  preparations  of  a,  cortical,  b, 
medullary  cells  of  rat  adrenal,  showing  mitochondrial 
impregnation.  In  a,  some  granules  may  also  be  seen  in 
the  region  of  the  Golgi  apparatus. 

a  chloroform  solution  of  mitochondria.  The  activation-of-cobra -venom/ 
haemolysin  test  for  lecithin  w^as  also  negative.  The  test,  however,  indi¬ 
cated  the  presence  of  some  free  fatty  acid.  Dried  mitochondria  reduce 
osmium  tetroxide  to  a  brown  colour  and  the  separated  fat  does  like¬ 
wise;  there  is  thus  an  unsaturated  fatty  substance  present.  Protein  is 
also  present  in  the  mitochondria,  and  while  no  detailed  study  has  yet 
been  made  of  the  protein  fraction,  preliminary  investigation  suggests 
the  presence  of  two  proteins  with  different  isolectric  points.  Subse¬ 
quently  Bensley22  published  the  following  more  accurate  composition 
of  dried  liver  mitochondria  (figures  approximated). 


Proteins  and  unknowns  .  •  65  per  cent. 

Glycerides  .  .  .  •  •  29  ,,  ,, 

Lecithin  and  cephalin  .  •  •  4  ,,  ,,  (some  have  more) 

Cholesterol .  .  •  •  • 

Bensley22  believes  that  the  surface  of  mitochondria  is  composed  of 
a  mosaic  of  protein  and  lipoid  micelles.  He  suggests  that  the  mam 
cortex  of  the  mitochondrion  is  a  mosaic  of  protein,  glyceride,  and 
cholesterol  molecules.  He  believes  that  the  failure  of  mitochondria  to 
stain  with  Sudan  III  is  due  to  the  dispersal  of  the  fatty  substances.  In 
general  Bensley  agrees  with  the  suggested  structure  of  mitochondria 
put  forward  by  Bourne^s,  except  that  he  believes  the  cortex  should  con¬ 
tain  both  protein  and  hpoids*  and  not  only  fatty  substances  as  Bourne 
had  suggested.  The  present  author  is  in  agreement  with  this  amend 

ment. 

*  The  term  ‘lipoid’  is  used  in  a  general  sense  to  denote  fats,  phospholipids, 
sterols,  &c. 
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The  presence  of  cholesterol  in  Bensley’s  analysis  is  a  possible  con¬ 
firmation  of  a  histochemical  observation  (Bourne^®). 

Bensley^®  has  found  a  red  pigment  in  the  mitochondria  and  in  the 
submicroscopic  particles  of  the  liver  cell.  This  is  present  in  smaller 
amounts  in  kidney  mitochondria  and  still  less  in  mitochondria  of  the 
testis  cells.  For  various  reasons  he  concludes  that  this  pigment  is  de¬ 
rived  from  the  oxidation  of  unsaturated  fats,  and  particularly  of  phos- 
pholipins  in  the  mitochondria.  This  leads  him  to  suggest  that  ‘in  the 
hver  cell  the  mitochondria  and  in  particular  the  submicroscopic  par¬ 
ticles  are  the  seat  of  highly  active  oxidative  processes  involving  the 
metabolism  of  fats’. 

EmmeP^'’®  found  alkaline  phosphatase  activity  associated  with  the 
mitochondria  of  some  kidney  tubule  cells. 

De  Robertis®®'’®has  shown  that  in  the  amphibian  hepatic  cells  the  vesi¬ 
cular  mitochondria  may  contain  a  pigment  derived  from  haemoglobin. 

The  following  is  a  list  of  substances  which  are  probably  present  in 
hver  mitochondria.  Some  of  these  may  occur  in  all  mitochondria;  the 
extent  of  the  occurrence  of  the  others  is  not  known  for  certain. 


i.  Protein. 

ii.  Unsaturated  (and  probably  saturated)  fatty  material.  (Acids 

and  glycerides.) 

iii.  Lecithin  and  cephahn  (small  amount). 

iv.  Cholesterol  (small  amount,  probably  larger  amount  in  the  mito¬ 

chondria  of  adrenal  cortical  cells). 

V.  Vitamin  A-|-/or  carotene. 

vi.  Vitamin  C  (probably  only  in  certain  endocrine  mitochondria). 

vii.  Members  of  the  vitamin  B  complex  (aneurin,  nicotinic  acid, 

riboflavin,  pantothenic  acid,  and  pyridoxin). 

viii.  Glutathione  or  protein-bound  SH.  (probably  in  hver  and  some 

endocrine  mitochondria), 

ix.  Proteolytic  enzymes. 

X.  Cytochrome  oxidase  and  cytochrome  reductase. 

xi.  Succinic  dehydrogenase  and  other  enzymes  of  the  Krebs  tri¬ 

carboxylic  acid  cycle. 

xii.  Oxidase  capable  of  oxidizing  cobaltous  to  cobaltic  salts. 

xiii.  Ribonucleic  acid. 

xiv.  Transaminase. 

XV.  Coenzyme  I  (containing  nicotinamide). 

xvi.  Fatty  acid  oxidase. 

xvii.  Octanoxidase. 


The  water-soluble  substances  will  probably  be  aggregated  in  the  imier 
part  of  the  mitochondrion,  the  fat-soluble  substances  in  the  cortex  Pro¬ 
tein  will  probably  be  present  in  both  parts.  (See  Text-fig.  3.)  Seifritz  has 
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shown,  according  to  Frey-Wyssling®^,  that  protoplasmic  movement  has 
a  pulsating  rhythm,  and  the  latter  suggests  that  this  may  be  due  to 
periodic  contractions  of  the  polypeptide  chains.  It  seems  probable  that 
the  wriggling  movement  of  mitochondria  which  can  be  seen  in  living 
tissue-culture  cells  is  also  due  to  the  contraction  of  polypeptide  chains 
of  the  proteins  which  are  present  in  them. 

Ludford  (personal  communication)  has  apphed  a  number  of  the  histo- 
chemical  tests  already  mentioned  to  tissue-culture  cells  without  obtain¬ 
ing  any  positive  results  for  mitochondria.  It  has  been  found  by  Barnett 


SurFace  Film.  A  mosaic  of 
probein  and  Fatty  substances, 
e  oF  the  lecit^hin  and 


Water  poor  region. (Cortex) 


'  Protein,  Fatty  material, 
,  vitamin  A,  cholesterol, 
lecithin,  cephalin 


N.  Ny/  Water  rich  region. (Medulla). 

Albumens,  vitamins, glutathione, 
- enzymes. 

Text-fig.  3.  Possible  distribution  of  various  constituents  of  mitochondria. 


and  Bourne  (unpublished  work)  that  fibroblasts,  except  when  degenerat¬ 
ing  and  producing  fat,  show,  when  stained  for  vitamin  C,  only  a  very 
small  or  negative  reaction.  Furthermore,  if  vitamin  C  is  added  to  the 
medium  in  which  these  cells  are  grown  there  is  no  increase  in  the  abihty 
of  the  cell  to  stain  with  the  vitamin  C  reagent  (Barnett,  unpubhshed 
work).  If,  however,  whole  chick  embryos  are  stained  with  the  vitamin  C 
reagent  many  of  the  fibroblasts  give  a  quite  good  reaction.  If  a  piece 
of  rat  intestine  is  incubated  with  vitamin  C  in  normal  sahne,  the  con¬ 
nective  tissue  cells  also  take  up  appreciable  amounts  of  the  vitamin  C. 
It  appears,  therefore,  that  the  tissue-culture  cell  is  in  a  different  meta¬ 
bolic  state  from  that  of  the  same  type  of  cell  in  organized  tissue.  Tests 
such  as  the  nitroprusside,  antimony  trichloride,  or  Schultz  do  not  give 
a  positive  reaction  with  the  mitochondria  of  connective  tissue  cells,  so 
that  these  tests,  together  wfith  Ludford’s  observations,  suggest  that  in 
these  cells  the  mitochondria  may  not  contain  glutathione,  vitamin  A, 
or  cholesterol. 

c.  Function  of  Mitochondria 

That  mitochondria  are  the  respiratory  centres  of  the  cell  has  been  a 
popular  thesis  with  cytologists  for  some  time.  It  was  first  put  forward 
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by  Kingsbury  136  in  1912.  This  hypothesis  was  based  principally  upon  the 
fact  that  fat  solvents  such  as  acetone,  acetic  acids,  and  alcohol,  which 
reduce  the  respiration  rate  of  cells,  also  dissolve  the  mitochondria.  They 
also  dissolve  the  Golgi  apparatus  and  probably  affect  other  cell  mem¬ 
branes,  so  there  seems  no  reason  why  the  mitochondria  any  more  than 
the  Golgi  apparatus  should  be  regarded  as  the  respiratory  centres.  A 
more  recent  protagonist  of  the  respiratory  hypothesis  of  mitochondrial 
activity  is  Joyet-Lavergnei^o.isi.  xhis  author  finds  that  mitochondria 
have  considerable  oxidizing  and  reducing  power.  This  he  believes  to  be 
due  to  a  ‘redox’  system  composed  of  vitamin  A  and  glutathione.  For 
example,  he  says  that  mitochondria  oxidize  leuco -derivatives  of  certain 
dyes  and  that  they  can  oxidize  cobaltous  salts  to  cobaltic  salts.  He 
states  that  he  has  used  the  following  substances  to  demonstrate  the 
reducing  power  of  mitochondria:  gold  chloride,  silver  nitrate,  chromic 
acid,  picric  acid,  potassium  permanganate,  m-dinitrobenzol.  He  quotes 
Chodat  and  Rouge^®  as  having  shown  that  oxidase  and  peroxidase  reac¬ 
tions  are  given  in  the  region  of  mitochondria,  but  he  points  out  that 
Prenant^®®^  Hollande^^®’^^^,  and  Mangenot^®®  showed  that  this  was  so 
only  in  certain  cells  and  that  the  presence  of  oxidases  and  peroxidases 
was  not  a  property  of  all  mitochondria.  Although  Joyet-Lavergne^®®*^®^ 
believes  that  the  respiratory  property  of  mitochondria  is  dependent  upon 
a  ‘redox’  system  made  up  of  vitamin  A  and  glutathione,  there  is  no  evi¬ 
dence  that  such  a  system  plays  a  part  in  any  of  the  known  respiratory 
systems  of  cells.  As  direct  evidence  that  mitochondria  play  a  part  in 
respiration  he  states  that  young  red  blood  cells  of  vertebrates  have  a 
higher  respiration  rate,  and  have  more  mitochondria,  than  old  red  blood 
cells.  So  many  changes,  however,  must  take  place  in  a  red  blood  cell 
when  it  ages  that  one  can  hardly  claim  per  se  that  the  change  in  respira¬ 
tion  rate  is  due  to  the  change  in  the  number  of  mitochondria. 

On  the  other  hand,  the  recent  discoveries  by  Hogeboom^^^’^^®,  Claude 
®®’®^,  &c.,  of  the  presence  of  the  major  part  of  the  succinic  dehydrogenase 
and  cytochrome  oxidase  activity  in  the  mitochondria  seems  to  support 
the  view  of  the  early  workers  on  these  organelles — it  does  appear  that 
they  may  be  the  chief  centres  of  aerobic  respiration  of  the  cell. 

Considerable  evidence  has  been  brought  forward  by  Horning  that 
mitochondria  possess  proteolytic  enzyme  activity,  or  rather  that  such 
activity  occurs  at  the  mitochondrial/cytoplasmic  interfaces. 

In  protozoa,  Horningii'^>ii®’ii9  has  demonstrated  both  the  lytic  and 
synthetic  activity  of  mitochondria. 

In  amoeba^^’  he  found  that  pieces  of  engulfed  food  circulate  in  the 
cytoplasm,  and  that  in  this  process  they  come  into  contact  with  mito¬ 
chondria,  which  stick  to  them.  A  vacuole  is  then  secreted  around  the 
tood  particle  and  its  associated  mitochondria.  Other  mitochondria  were 
tound  to  aggregate  on  the  outside  of  the  vacuole.  As  digestion  proceeds 
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the  food  particles  break  up,  and  at  the  same  time  the  mitochondria  be¬ 
come  smaller  and  smaller  and  gradually  pass  into  solution  (Text-fig.  4). 
Horning  and  Petrie^^^  have  also  found  some  evidence  from  the  germina¬ 
tion  of  cereals  that  diastase  appears  to  be  secreted  in  association  with 
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Text-fig.  4.  Digestion  of  food  particles  by  mitochondria 
in  amoeba.  Re-dravi^n  (modified)  from  Horning^’. 


the  mitochondria.  The  mitochondria  appear  to  be  secreted  by  the 
scutellar  cells  into  the  starch-containing  cells  of  the  endosperm;  they 
become  applied  to  the  starch  grains  and  result  in  active  hydrolysis.  As 
the  starch  grains  erode  the  mitochondria  disappear. 

In  the  symbiotic  protozoon,  Opcdinay  Horning^^®  finds  a  concentra¬ 
tion  of  ‘vegetative’  material  at  the  surfaces  of  the  mitochondria.  At  a 
certain  stage  the  granules  break  from  the  mitochondria  and  he  free  in 
the  cytoplasm  (Plate  1,  Fig.  3).  Horning  believes  that  these  granules 
represent  protein  material  which  has  been  synthesized  under  the  in¬ 
fluence  of  the  mitochondria. 

Horning  is  of  the  opinion  that  mitochondria  are  responsible  for  the 
production  of  the  zymogen  granules  of  the  pancreas  and  that  here, 
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instead  of  producing  enzymes  for  intracellular  digestion  they  produce 
enzymes  to  be  used  for  extracellular  digestion,  and  thus  their  activity  in 
the  lower  and  higher  forms  of  animal  life  is  fundamentally  the  same. 

Levi  and  Chevremonti«  beUeve  that  myofibrils  have  a  mitochondrial 
origin,  and  roster®^  has  summarized  their  relationship  to  endocrine 

function.  .  .  u  -  u 

There  is  some  evidence  in  the  literature  that  mitochondria  might  be 

concerned  with  fat  metabolism. 

Such  a  suggestion  was  made  by  Wotton^®’  for  the  mitochondria  of 
trypanosomes.  A  similar  claim  was  made  by  Wimsatt^^^  who  found  that 
in  bats  there  was  an  inverse  relationship  between  the  occurrence  of  fat 
and  mitochondria  in  the  cells  of  the  glandular  epithehum  and  stroma 
of  the  uterus  and  in  those  of  the  yolk  sac  endoderm.  A  similar  relation 
has  been  found  by  other  authors.  The  finding  by  Hartman^®®  that  there 
is  an  increase  in  the  number  of  mitochondria  in  the  ventral  horn  cells 
of  the  rat  following  section  of  the  sciatic  nerve  suggests  that  they  may 
be  concerned  with  the  regeneration  of  myelin,  a  fatty  lipoid  complex. 

The  most  important  evidence  for  the  relationship  of  mitochondria  to 
fat  metabohsm  comes  firstly  from  Bensley’s  work  (1947)^®  on  the  pig¬ 
ments  of  the  mitochondria  and  the  submicroscopic  granules  of  the  liver, 
and  secondly  from  the  work  of  Hogeboom  et  on  the  presence  of 

fatty  acid  oxidase  in  mitochondria.  Bensley  isolated  from  mitochondria 
a  deep -red  pigment  which  in  solution  in  acetone  absorbed  the  whole  of 
the  ultraviolet  and  much  of  the  blue  end  of  the  spectrum.  This  pigment 
was  beheved  to  be  identical  with  that  produced  by  the  slow  oxidation 
of  lecithin.  Weiss^^^  had  previously  found  a  similar  pigment  to  be  pro¬ 
duced  by  the  oxidation  of  fats  obtained  from  yeast.  Bensley  believes 
that  the  pigment  found  in  fiver  mitochondria  results  from  the  oxidation 
of  unsaturated  fats,  and  particularly  of  phospho-fipines,  and  he  con¬ 
cludes  that  in  the  fiver  cell  the  mitochondria  and  the  submicroscopical 
particles  are  the  seat  of  highly  active  oxidative  processes  involving 
the  metabolism  of  fats.  Bensley  suggests  that  mitochondria,  instead 
of  being  regarded  as  semi-permanent  self-reproducing  cell  organelles, 
should  be  thought  of  as  simply  temporary  aggregates  of  complex 
composition,  containing  vitamins,  enzymes,  and  so  on.  He  points  out 
that  although  lecithin  is  actually  synthesized  by  the  fiver  cell  it  always 
seems  to  be  bound  to  the  structural  components  of  the  cell.  He  believes, 
therefore,  that  as  lecithin  is  formed  it  is  rapidly  incorporated  into  exist¬ 
ing  mitochondria  or  granules  or  is  used  to  form  new,  but  similar, 
elements.  In  confirmation  of  this  conception  he  quotes  the  fact  that  in 
prolonged  inanition  mitochondria  rapidly  disappear  from  pancreatic 
cells,  but  return  again  when  feeding  is  resumed. 

It  may  well  be,  as  Bensley  finally  suggests,  that  mitochondria  really 
represent  a  reserve  store  of  metabolic  material  for  the  cell.  The  presence 
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of  vitamins,  enzymes,  &c.,  in  these  structures  may  simply  be  due  to  the 
fact  that  they  tend  to  aggregate  at  surfaces,  and  that  mitochondria 
happen  to  provide  a  suitable  but  temporary  surface  on  which  this  may 
occur. 

d.  Relation  of  Mitochondria  to  the  Golgi  Apparatus 

A  detailed  discussion  of  this  problem  is  given  by  Hirsch;  it  is  there¬ 
fore  not  necessary  to  deal  fully  with  it  here.  It  is  of  interest,  however, 
to  quote  briefly  the  views  of  Hirsch  and  Ludford  on  this  relationship. 

According  to  Hirsch^®®  there  are  two  groups  of  views  on  this  question. 
One  group  asserts  that  there  is  a  direct  transition  of  mitochondria  into 
Golgi  material,  and  the  other  group  postulates  the  Hberation  by  mito¬ 
chondria  into  the  cytoplasm  of  various  substances  which  pass  to  the 
Golgi  apparatus.  however,  believes  that  the  Golgi  apparatus  is 

changed  in  gland  cells  into  secretion  granules  and  mitochondria.  Most 
cytologists,  however,  do  not  agree  with  this  view.  Other  workers  have 
claimed  that  mitochondria  form  either  the  internal  or  the  external  part 
of  the  Golgi  apparatus.  Hirsch  in  general  does  not  favour  the  view  that 
the  mitochondria  change  into  the  Golgi  apparatus,  but  the  fact  that  his 
Golgi  ‘pre-substance’  stains  with  Janus  green  B  and  neutral  red  suggests 
that  it  may  be  intermediate  between  the  two  organelles. 

That  there  is  a  connexion  between  mitochondria  and  the  Golgi  apparatus 
is  shown  rather  strikingly  by  Hirsch  on  the  living  pancreas.  He  found 
that  small  granules  were  formed  on  the  surface  of  the  mitochondria. 
These  granules  remained  in  contact  with  the  mitochondria  for  a  time 
varying  between  10  and  70  minutes,  and  then  they  became  detached 
and  moved  towards  the  Golgi  field  at  a  speed  of  I  p  every  6  to  8  minutes 
(Plate  2,  Fig.  8).  Duthie’^’’®  has  seen  a  somewhat  similar  picture  in  fixed 
preparations  of  salivary  glands  and  goblet  cells  of  the  intestine.  Ries^®® 
has  confirmed  the  work  on  the  living  pancreas.  There  is  evidence  that 
in  other  cells  mitochondria  give  off  material  which  is  absorbed  by  the 
Golgi  apparatus.  Ludford^^^  has  stated:  ‘At  the  mitochondrial/cyto¬ 
plasmic  surface  syntheses  by  enzymes  occur.  The  resulting  products 
continually  diffuse  into  the  cytoplasm  preventing  an  accumulation  at 
the  surface  of  the  mitochondria  which  would  inhibit  further  synthesis. 
At  the  surface  of  the  Golgi  apparatus  the  elaborated  products  are  con¬ 
centrated  into  droplets  preliminary  to  their  eUmination.’  Hirsch^®®  sums 
up  the  problem  in  a  similar  fashion  with  the  following  statement: 

Dennoch  stehen  beide  Systeme  in  einem  nahen  physiologischen  Zusam- 
menhang ;  es  sei,  daB  Prodiikte  von  Mitochondrien  als  solche  direkt  in 
Golgi-Korper  iibergehen ;  es  sei,  daB  Stoffe  oder  Fermente,  welche  von  den 
Mitochondrien  gebildet  worden  sind,  weitergegeben  werden  an  die  Golgi- 
Systeme  um  hier  eine  endgiiltige  Verarbeitung  zii  erfahren  oder  bei  dem 
Aufbau  von  Stoffen  in  den  Golgi-Systemen  als  Katalysatoren  zu  wirken. 
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Wie  der  physiologische  Zusammenhang  zwischen  Mitochondrien  und  Golgi- 
Systemen  im  einzelnen  Falle  sich  abspielt,  muB  noch  exakter  experimentell 
untersucht  werden. 


e.  Summary  of  Mitochondria 

Mitochondria  are  cell  organelles  of  variable  length  but  of  constant 
diameter  in  individual  cells.  Liver  mitochondria  are  composed  basically 
of  protein,  fats  and  fatty  acids,  phospho-lipins  and  sterols.  They  may 
contain  vitamin  A  and/or  carotene,  vitamin  C,  members  of  the  vitamin 
B  complex,  glutathione,  proteolytic  and  respiratory  enzymes,  and  oxi¬ 
dases. 

The  composition  of  mitochondria  appears  to  vary  in  different  tissues 
under  different  conditions,  and  is  affected  by  pathological  changes  in 
the  cells. 

It  is  likely  that  mitochondria  can  be  divided  into  an  outer  and  an  inner 
portion,  the  fatty  substances  being  concentrated  in  the  former,  and  pro¬ 
tein  being  present  in  both.  It  is  probable  that  they  are  surrounded  by 
an  adsorbed  layer  of  protein  which  prevents  them  from  being  stained 
by  fat  dyes. 

It  may  be  that  mitochondria  represent  reserve  stores  of  metabolic 
material  for  the  cell,  particularly  in  view  of  the  fact  that  they  are  reduced 
in  inanition. 

It  is  possible,  in  view  of  the  localization  of  respiratory  enzymes  in 
mitochondria,  that  Kingsbury’s  view,  first  expressed  in  1912,  that  they 
are  respiratory  centres  of  the  cell  may  approach  the  truth. 

Mitochondria  may  be  concerned  with  fat  metabolism  and  with  proteo¬ 
lytic  and,  in  the  case  of  germinating  seeds,  with  diastatic  activity. 


a.  General 


iii.  The  Golgi  Apparatus 


It  is  impossible  in  the  space  available  to  analyse  the  vast  amount  of 
controversial  literature  on  the  Golgi  apparatus.  It  is  even  impracticable 
to  mention  all  the  various  aspects  of  the  subject.  Comprehensive  re¬ 
views  are,  however,  in  existence  and  have  been  mentioned  in  the  intro¬ 
duction  to  this  chapter.  It  is  hoped  to  discuss  fairly  fully  some  more 
recent  aspects  of  the  study  of  the  Golgi  apparatus,  and  to  offer  a  few 
tentative  conclusions  as  to  the  function  of  this  ‘most  protean  of  all 
cytoplasmic  inclusions’^^®. 

Cowdry,  writing  in  1924®!,  said  of  the  Golgi  apparatus: 


Even  now,  25  years  after  its  discovery,  we  can  only  say  that  the  Golgi 
aparatus  is  an  area  of  the  cytoplasm  frequently  (especially  in  higher  forms) 
of  reticular  shape  often  as  large  as  the  nucleus,  and  sometimes  definitely 
located  with  regard  to  cellular  polarity.  Part  of  the  material  of  which  it  is 
composed  is  soluble  m  alcohol,  becomes  blackened  after  prolonged  treatment 


250  MITOCHONDRIA  AND  THE  GOLGI  COMPLEX 

with  osmic  acid,  and,  after  appropriate  preliminary  fixation,  shows  marked 
affinity  for  silver  salts.  In  addition  it  may  occasionally  be  stained  with 
resorcin  fuchsin,  iron  haematoxylin,  and  other  dyes,  but  the  word  ‘appara¬ 
tus  ’  is  unfortunate  because  it  carries  with  it  the  idea  of  a  mechanism  of  rather 
mechanical  type. 

It  is  now  more  than  fifty  years  since  Golgi®®  discovered  the  internal 
reticular  net  in  the  nerve  cells  of  the  bam  owl  and  cat.  These  nets  had 
actually  been  observed  before  Golgi  (1898)  by  Platner,  1885i’®,  and 
Hermann,  189H®®,  and  for  the  first  twenty-five  years  after  their  dis¬ 
covery  investigation  of  the  Golgi  apparatus  was  almost  entirely  of  a 
morphological  nature.  During  the  last  ten  or  fifteen  years,  however, 
a  great  deal  of  attention  has  been  paid  to  its  function  and  composition. 

During  the  early  stages  of  the  investigation  of  the  Golgi  apparatus 
the  subject  was  confused  by  the  claim  of  Holmgrenii®  that  it  was  identi¬ 
cal  with  a  system  of  clear  canals  which  he  claimed  to  have  discovered  in 
many  cells  and  which  he  called  the  ‘trophospongium’.  CajaH®’^®  added 
to  the  confusion  by  referring  to  the  Golgi  nets  as  Golgi-Holmgren  canals. 
The  general  opinion  of  cytologists  now  is  that  there  is  no  connexion 
between  the  two  systems,  and  the  recent  evidence  obtained  from  ultra¬ 
centrifugation  of  cells,  which  shows  that  the  Holmgren  canals  become 
stratified  in  a  different  position  from  the  Golgi  apparatus,  seems  to  have 
dealt  the  theory  a  death-blow. 

Later,  the  ‘vacuome  theory’  of  the  Golgi  apparatus  was  suggested. 
Originally  propounded  by  Accoyer^,  it  was  elaborated  by  Parat  and 
Painlevei’®.  xhe  theory  was  described  by  MacBride  and  Heweri®^  as 

follows: 

All  animal  and  plant  cells  have  two  fundamental  but  independent  mor- 
phological  elements— the  vacuome  and  the  chondriome.  The  vacuome  is  an 
aqueous  phase ;  the  chondriome  a  lipoidal  one.  The  vacuome  consists  either 
of  isolated  vacuoles  or  else  of  canaUcular  systems.  The  vacuome  stains 
specifically  with  neutral  red  iifdra  vitam.  From  these  premisses  they  state  that 
the  ‘reticular  apparatus’  of  Golgi  and  the  ‘trophospongium’  of  Holmgren  (in 
fact  the  whole  classical  Golgi  apparatus)  are  artefacts  produced  by  precipita¬ 
tion  of  silver  or  osmium  at  the  surface  of,  inside,  or  between,  the  vacuoles. 

Parat  later  modified  his  theory  to  include  dictyosomes,  and  announced 
that  the  dictyosomes  were  scale-like  cortices  of  the  ‘vacuome  and  intro¬ 
duced  for  them  new  names,  ‘lepidochondriosomes’  and  ‘lepidosomes  . 
He  further  stated  that  the  ‘lepidosomes’  w^ere  merely  modified  mito¬ 
chondria,  and  introduced  still  another  and  third  name  for  them, ‘chon¬ 
driome  actif’.  The  cell  thus  contained  a  ‘chondriome’  and  a  ‘chondriome 
actif’  (or  lepidosome)  which  was  associated  with  the  vacuome.  The 
vacuoles  in  the  animal  are  homologized  wdth  the  large  intracellular 
vacuoles  of  plants  principally  because,  according  to  the  protagonists  o 
the  theory,  they  both  stain  with  neutral  red. 
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Parat’s  views  did  not  find  favour  with  the  majority  of  cytologists. 
Gatenby®®,  for  example,  commented  that  not  all  neutral  red  bodies  were 
argentophile,  whereas  the  true  Golgi  apparatus  ahvays  was.  Some  doubt 
was  also  cast  on  Parat’s  view  by  the  fact  that  in  some  cells  at  least 
neutral  red  appears  to  produce  new  vacuoles  in  the  cytoplasm  which, 
according  to  Hirsch^®^,  represent  the  crinome  of  Chlopin^®.  Hirsch 
claims  that  neutral  red  stains  his  ‘pre-substance’  but  not  the  Golgi 
system.  The  whole  subject  of  ‘Neutral  Red’  cytology  has  been  vigor¬ 
ously  attacked  by  Gatenby®®,  and  his  essay  should  be  read  by  all  serious 
students  of  the  cell  as  summarizing  in  a  succinct  fashion  the  case  on 
behalf  of  Parat’s  critics. 

However,  there  is  evidence  that  neutral  red  vacuoles  do  occur  in 
association  with  the  Golgi  apparatus.  For  example,  Covell  and  Scott®^ 
observed  slow  blackening  of  neutral  red  granules  aggregated  in  the  Golgi 
region  of  nerve  cells  of  a  ventral  horn  smear  as  a  result  of  the  introduc¬ 
tion  of  osmium  tetroxide  under  the  cover-glass. 

The  Oxford  school  of  cytology  has  been  tackling  the  problem  of  the 
morphology  of  the  Golgi  apparatus  and  the  relation  to  it  of  the  neutral 
red  vacuoles.  Their  results  are  considered  in  detail  at  the  end  of  the 
following  section. 

The  Golgi  apparatus,  or  some  representative  of  it,  can  be  found  in 
every  vertebrate  and  invertebrate  cell.  The  work  of  Bowen®®  indicated 
that  the  Golgi  apparatus  existed  in  plants  in  the  form  of  osmiophilic 
platelets.  There  are  no  records  of  its  occurrence  in  algae,  fungi,  or  bac¬ 
teria.  Protozoa  are  known  to  possess  a  Golgi  apparatus.  It  has  been 
specially  investigated  by  Horningii7>ii®>ii»'i2o^  Horning  and  Richard- 
soni2®,  and  by  Kedrowskyi®®-!®®,  in  the  case  of  Opalina,  the  intestinal 
protozoan  symbiote  of  frogs. 

Smyth^®®’®®®  found  osmiophilic  material  in  some  ciliates  associated 
with  the  contractile  vacuole.  He  has  suggested  that  the  osmiophilic 
material  round  the  contractile  vacuole  is  Golgi  material  and  that  it  is 
homologous  with  the  metazoan  Golgi  apparatus.  ' 

Sosa®®®  has  suggested  a  nomenclature  (see  below)  for  the  Golgi  material 
which  would  do  something  (if  adopted  generally)  to  reduce  the  present 
complexity  of  names  used  for  this  organelle. 

Golgiokinesis.  Division  of  the  Golgi  apparatus  during  karyokinesis. 

Golgiosomes.  Corpuscles  produced  by  Golgiokinesis.  Structures  pre¬ 
sent  in  invertebrates  and  described  as  Golgi  material. 

Golgiolysis.  Process  of  dissolution  of  the  Golgi  apparatus. 

Golgiorrhexis.  Fragmentation  of  the  Golgi  apparatus. 

Golgiogenesis.  formation  and  differentiation  (ontogenetic)  of  the 
Golgi  apparatus. 

the  cytoarchitecture  in  relation  to 

the  Golgi  apparatus. 
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6.  Structure  and  Physical  Condition  of  the  Golgi  Apparatus 

Kirkman  and  Severinghaus^^®  state  that  the  Golgi  apparatus  has  been 
described  at  various  times  as  consisting  of ‘a  fibrous  reticulum,  network, 
ring,  or  cyhnder,  a  very  irregular  fenestrated  plate,  a  more  or  less  in¬ 
complete  hollow  sphere,  vesicle,  or  cup,  a  collection  of  small  spheres, 
rodlets  and  platelets  or  disks,  a  series  of  anastomosing  canals,  a  group 
of  vacuoles,  and  a  differentiated  region  of  homogeneous  cytoplasm 
crossed  by  irregular  interfaces’.  The  apparatus  very  frequently  occurs 
as  a  network,  and  many  authors  have  questioned  the  validity  of  such 
a  structure.  Hirsch^®®  denies  the  existence  of  most  networks,  and  other 
workers  have  regarded  them  as  staining  artefacts.  It  is  of  interest  that 
grains  of  reduced  silver  seem  to  be  composed  fundamentally  of  a  net¬ 
work  structure.  The  granules  of  silver  in  a  photographic  emulsion  even 
under  the  high  power  of  the  ordinary  microscope  appear  to  be  homo¬ 
geneous,  but  when  they  are  examined  with  an  electron  microscope, 
magnifying  them  by  25,000  diameters,  they  may  be  seen  to  be  networks, 
made  up  of  threads,  some  of  which  are  only  five  atoms  thick  (Plate  2, 
Fig.  2).  The  type  of  network  can  be  varied  according  to  the  developer 
used.  Hydroquinone  produces  coarse  threads,  whereas  metol  produces 
fine  threads!  With  some  other  developers  the  network  becomes  a  sort 
of  fluffy  mass.  The  form  of  the  Golgi  network  also  varies  according  to 
the  time  of  development  and  the  type  of  developer  used. 

In  various  cells  the  Golgi  apparatus  varies  considerably  in  size  and 
shape,  and  is  usually  well  developed  in  the  stage  of  cytomorphosis,  and 
tends  to  decrease  in  size  as  the  cell  becomes  older.  In  gland  cells  the 
apparatus  is  noticeably  large,  but  it  is  relatively  quite  small  in  muscle 
cells.  Actually  the  problem  of  making  accurate  comparative  estima¬ 
tions  of  the  amount  of  Golgi  apparatus  is  most  difficult,  because,  as  with 
mitochondria,  even  with  the  most  accurate  standardization  of  technique, 
unaccountable  variations  may  occur.  Nevertheless  it  has  proved 
possible  to  measure  the  Golgi  apparatus  in  relation  to  ceU  size  in  the 
uterine  glands  of  rabbits. 

Pollister^®^  reconstructed  the  Golgi  apparatus  from  serial  sections  of 
single  cells  and  showed  that  it  appeared  as  a  platework  of  irregular 
shape  and  uniform  thickness. 

As  a  general  rule  in  vertebrate  somatic  cells  the  Golgi  apparatus  is 
in  the  form  of  a  dense  network  situated  near  the  nucleus;  it  may,  how¬ 
ever,  vary  according  to  the  physiological  state  of  the  cell.  The  general 
structure  varies  in  cells  of  different  organs,  although  the  shape  is  never 
identical  even  in  the  neighbouring  cells  of  the  same  organ.  In  develop¬ 
ing  germ  cells  the  apparatus  may  be  in  the  form  of  rods  or  granules. 
This  is  also  the  condition  in  which  it  is  found  in  most  invertebrate  cells. 
Horningii®,  however,  has  found  Golgi  nets  in  the  cells  of  Hydra  viridts. 
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In  mitosis  the  Golgi  apparatus  usually  breaks  up  into  small  particles 
or  granules,  which  are  distributed  more  or  less  evenly  through  the  cyto¬ 
plasm.  Cytoplasmic  division  causes  an  approximate  halving  of  the 
Golgi  substance.  Ludford^^®  has  described  five  different  types  of  division 
of  the  apparatus. 

The  behaviour  of  the  apparatus  in  gland  cells  emphasizes  that  w  e  are 
deahng  with  a  cellular  component  whose  existence  cannot  be  denied. 
Kirkman  and  Severinghaus^®®  state: 

The  most  conclusive  proof  that  the  Golgi  apparatus  is  an  organelle  is  not  the 
universality  of  its  presence  in  properly  fixed  material,  nor  even  the  descrip¬ 
tions  of  it  in  living  material,  but  rather  its  behaviour  as  determined  by  micro¬ 
scopical  observations  of  it  in  the  same  type  of  cell  in  different  physiological 
conditions.  This  behaviour  is  so  characteristic  and  so  constant  that  there 
should  be  no  question  concerning  the  reality  of  the  substance  or  structure 
exhibiting  it. 

That  the  Golgi  apparatus  consists  of  two  parts — an  outer,  which  ab¬ 
sorbs  osmium  and  silver,  and  an  osmic-  or  argento-phobic  inner  portion — 
has  been  claimed  by  a  number  of  workers  (including  Bowen^®^;  Weier^^^; 
Richardson^®®;  Uhlenhuth^^^;  Bourne^'^;  Hirsch^®®).  This  double  struc¬ 
ture  is  beautifully  shown  in  Plate  2,  Fig.  3  (taken  from  Richardson^®®). 
Hirsch  has  found  that  the  Golgi  bodies  of  the  cell  do  not  always  have  this 
double  structure,  and  he  has  recently  devoted  a  book  to  a  consideration 
of  his  pre-substance-Golgi-system  theory.  Hirsch  declares  that  the  solid 
granules  of  Golgi  substance,  which  show  no  differentiation  into  external 
and  internal  portions,  really  constitute  the  ‘pre-substance’  of  the  Golgi 
apparatus.  These  pre -substances  are  able  to  build  up  nets,  but  they  are 
the  only  sort  of  nets  that  Hirsch  recognizes.  The  other  nets,  he  claims, 
are  due  to  over-impregnation  of  separate  bodies  by  excessive  amounts 
of  osmium  or  silver,  which  causes  them  to  link  up  and  simulate  a  net. 
These  pre-substances  may  be  aggregated  near  the  nucleus  or  distributed 
throughout  the  cell.  Each  piece  of  pre-substance  gradually  develops  a 
double  structure,  with  an  argentophile  and  osmiophile  cortex;  at  this 
stage  it  is  referred  to  as  a  Golgi  system.  A  number  of  joined  Golgi 
systems  are  known  as  ‘polysystems’.  The  outer  part  or  cortex  of  the 
Golgi  system  is  known  as  the  ‘externum’,  the  inner  part  as  the  ‘internum’. 
Hirsch^®®  believes  that  the  product*  of  the  cell  is  formed  in  the  inter¬ 
num;  he  also  gives  the  impression  that  only  the  pre-substance  stains 
with  neutral  red  and  only  the  Golgi  system  with  trypan  blue.  He  claims, 
further,  that  the  pre-substance  stains  with  Janus  green  B. 

Some  information  as  to  the  physical  state  of  the  Golgi  complex  is 
given  by  ultra-centrifuge  studies  (Beams,  King,  Dornfield,  and  others). 
They  show  that  in  most  cells  the  specific  gravity  of  the  Golgi  material 

Tlie  product’  of  the  cell  is  the  term  used  by  Hirsch  to  describe  the  granules 
of  secretion  which  are  so  obvious  microscopically  in  externally  secreting  glands. 
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is  less  than  that  of  most  of  the  other  cellular  constituents.  In  uterine  gland 
cells  the  Golgi  complex  is  of  a  very  fluid  consistency.  In  thyroid  cells  (Hell- 
baum^®^)  and  in  spinal  ganglion  cells  (Brown^®)  the  Golgi  complex  re¬ 
tains  its  form  even  though  displaced  from  its  normal  position  in  the  cell; 
it  seems,  therefore,  to  be  relatively  rigid  in  the  cells  of  these  organs. 
Dornfield’^'^®  has  shown  that  in  transplants  of  centrifuged  adrenal  cells 
the  displaced  Golgi  material  returns  to  its  normal  position  in  the  cell 
after  a  short  time  and  becomes  indistinguishable  from  that  of  normal 
adrenal  cells. 

Pollister^®^  suggests  that  the  Golgi  apparatus  could  not  be  fluid  or 
even  a  highly  plastic  sohd  and  still  maintain  its  plate-hke  form,  although 
he  found  it  elastic  enough  to  bend  under  pressure  and  to  straighten  out 
again  when  the  pressure  was  removed.  Simpson,  on  the  other  hand, 
believes  it  to  be  in  a  highly  fluid  condition. 

The  Golgi  complex  probably  varies  in  consistency  in  different  cells 
of  the  body  and  probably  varies  in  individual  cells  according  to  their 
physiological  condition.  The  Golgi  apparatus  in  developing  male  germ 
and  other  cells  is  frequently  associated  with  a  differentiated  area  of 
cytoplasm  near  the  nucleus,  called  the  idiozome,  which  may  stain  differ¬ 
ently  from  the  rest  of  the  cells. 

The  interior  or  ‘internum’  of  the  Golgi  apparatus  seems  to  be  a  water- 
rich  area  similar  to  the  internal  region  of  the  mitochondrion,  into  which 
w’ater-soluble  substances  (e.g.  vitamin  C)  may  be  passed.  The  evidence 
available  suggests  that  the  homogeneous  bodies  (pre-substance  of  Hirsch) 
and  the  osmiophilic  portion  of  the  Golgi  system  are  composed  of  lipo¬ 
protein.  These  homogeneous  bodies  may,  as  Hirsch  has  suggested,  be 
converted  into  the  Golgi  systems  by  the  absorption  and  concentration 
into  the  interior  of  water  and  water-soluble  substances  and  by  the  ac¬ 
tivity  of  enzymes  which  produce  the  product  of  the  cell  within  the  in¬ 
terior  of  the  homogeneous  body.  It  is  possible  that  the  pre-substance 
may  contain  a  small  central  core,  but  that  it  cannot  be  seen  because  it 
is  obscured  by  a  thick,  heavily  impregnated  outer  wall.  It  seems  pos¬ 
sible  that  since  the  ‘  pre-substance  ’  stains  with  Janus  green  B  and  neutral 
red  it  contains  proteolytic  enzymes.  The  fact  that  the  Golgi  apparatus 
can  hypertrophy,  and  the  possibility  that  it  contains  enzymes,  suggest 
that  it  is  able  to  convert  cytoplasm  of  the  ceU  into  extra  enzyme  material 
in  the  same  way  that  some  virus  particles  can  convert  the  tissues  of  the 
host  into  fresh  virus  material.  This  implies  that  the  Golgi  apparatus 
can  convert  the  elements  of  the  cytoplasm  into  material  which  possesses 
more  free  energy  than  they  possessed  before.  This  sort  of  change,  ho^v  - 
ever,  is  not  unusual  when  we  are  dealing  with  Hving  tissues,  because  it 
is  carried  out  by  every  organism  when  it  converts  food  mto  living 

Hirschio9  has  listed  points  of  resemblance  between  the  Golgi  apparatus 
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and  coacervates.  The  term  ‘coacervate’  comes  from  the  Latin  acervus, 
a  crowd  or  swarm,  and  it  refers  to  the  structures  formed  during  the  slow 
separation  of  a  coUoid  from  solution.  Coacervates  are  formed  of  a  large 
number  of  smaU  droplets  which  lump  together.  In  a  typical  coUoidal 
solution  each  particle  is  surrounded  by  concentric  sheaths  of  water. 
The  inner  layer  is  very  firmly  bound  to  the  particle,  and  the  successive 


water  layers  are  less  and  less  strongly  bound  until  there  is  a  gradual 
gradation  into  the  free  water  of  the  sol.  One  can  conceive  each  colloid 
particle,  therefore,  as  being  surrounded  by  an  envelope  of  water.  Change 
of  electric  charge  on  the  colloidal  particles,  or  the  addition  of  dehj^^drat- 
ing  agents,  causes  the  removal  of  the  envelope  of  loosely  bound  water, 
leavhig  only  the  strongly  bound  water  attached  to  the  particle.  In  this 
condition  the  particles  come  into  contact  with  one  another,  and  the 
various  water  shells  join  up  (Text-fig.  5). 

Hirsch  makes  the  following  comparisons  between  coacervates  and 
Golgi  systems. 

1.  Coacervates  are  stable  systems  which  are  in  equilibrium  and  do 
no  work.  On  the  other  hand,  Golgi  systems  do  perform  work. 

2.  We  know  the  chemical  composition  of  the  various  coacervates 
which  have  been  formed,  but  we  do  not  know  for  certain  w^hether 
the  chemical  substances  of  the  Golgi  system  are  those  which  could 
form  coacervates. 

3.  The  form  of  coacervates  and  Golgi  systems  is  similar. 

4.  The  state  of  the  Golgi  system  changes,  varying  from  hquid  to  solid. 
It  is  possible  by  varying  the  external  conditions  to  produce  similar 
changes  in  the  consistency  of  the  coacervates. 

5.  Various  substances  can  be  adsorbed  on  the  exterior  of  the  Golgi 
systems.  Coacervates  also  possess  this  abihty. 
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6.  An  externum  and  internum  are  present  in  both  Golgi  systems  and 
coacervates,  but  the  externum  is  often  very  irregular  in  the  case  of 
the  Golgi  system. 

We  see  in  this  comparison  some  striking  similarities  between  Golgi 
systems  and  coacervates,  but  probably  the  greatest  argument  against 
such  homology  is  the  first  quoted  comparison,  i.e.  that  the  coacervate 
is  a  relatively  stable  system  and  the  Golgi  apparatus  has  free  energy 
and  is  able  to  do  work.  If  the  Golgi  system  is  a  coacervate  it  is  one 
which  is  very  different  from  any  of  those  with  which  we  are  familiar. 

The  Golgi  material  of  the  spermatocytes  of  molluscs  (Monne^®®),  when 
examined  under  polarized  hght,  shows  a  positive  birefringence  in  the 
peripheral  (chromophilic)  portion.  This  suggests  that  in  these  regions 
the  molecules  are  arranged  radially.  This  birefringence  is  increased  by 
staining  with  dyes  such  as  rhodamine  B  (see  also  Hibbard  and  Lavin^®®). 
Golgi  material  in  tissue-culture  cells  treated  with  osmium  tetroxide  is 
shown  by  the  electron  microscope  to  have  a  particularly  dense  structure. 
This  high  density  combined  with  osmic  impregnation  makes  it  impossible 
to  see  details  of  the  internal  structure  of  the  material  (Porter  et  aZ.^®^). 
Sosa-®®,  however,  has  shown  that  the  Golgi  material  of  mononuclear 
leucocytes  appears  to  be,  by  the  electron  microscope,  less  dense  than  the 
remainder  of  the  cytoplasm,  and  appears  to  have  a  reticulated  structure. 

Hibbard^®^  has  pointed  out  that  the  typical  network  of  fixed  prepara¬ 
tions  has  never  been  seen  in  a  living  cell,  and  quotes  a  personal  com¬ 
munication  from  W.  H.  Lewis  that  he  has  seen  no  sign  of  the  classical 
Golgi  apparatus  in  any  hving  tissue-culture  cell.  For  the  same  reason 
Strangeway s  and  Canti^®^  denied  that  the  Golgi  apparatus  existed. 
Chambers,  in  his  micro-dissection  studies,  was  unable  to  find  anything 
which  suggested  the  presence  of  a  membrane  or  vacuoles  in  the  Golgi 
region  of  the  cell. 

According  to  Ludford^^^  the  reason  why  no  Golgi  apparatus  can  be 
seen  in  cultured  cells  is  that  ‘as  some  cells  spread  out  the  Golgi  appara¬ 
tus  is  stretched  until  it  fragments  and  its  individual  particles  become 
dispersed  in  the  cytoplasm’.  Richardson^®®,  however,  found  a  large  and 
compact  Golgi  apparatus  to  be  present  in  fixed  cultured  cells  (Plate  2, 
Fif^.  3).  Ludford^®®  later  showed  that  fragmentation  of. the  apparatus 
occurred  only  at  certain  stages  in  cultured  cells,  and  that  it  was  because 
of  this  that  Strangeways  and  Canti  w'ere  unable  to  see  any  signs  of  it. 
Ludford  has  published  photographs  of  living  tissue-culture  cells  stained 
in  vitro  with  methylene  blue  in  which  a  distinct  Golgi  area  can  be  seen 
near  the  nucleus.  This  Golgi  area  appears  to  be  somewhat  reticular  m 
structure  (Plate  2,  Fig.  1 ).  The  nucleus  shows  as  a  dark,  oval  figure  near 
the  left  side  of  the  white  mass.  The  Golgi  area  is  the  dark  region  speckled 
with  white  immediately  to  the  right  of  the  nucleus.  Ludford  has  also 
obtained  photographs  of  living  cells,  taken  with  ultraviolet  hght,  whic  i 


257 


MITOCHONDRIA  AND  THE  GOLGI  COMPLEX 

show  the  Golgi  region  as  a  half-moon- shaped  area  adjacent  to  the 
nucleus  and  looldng  as  though  it  might  be  reticular  in  nature  (see 

Chapter  10). 

Walker22o  ^nd  Walker  and  Allen  221,  basing  their  statements  on  their 
experiments  with  chemical  models  composed  of  gelatin,  albumen,  and 
lecithin,  have  endeavoured  to  show  that  the  Golgi  apparatus  can  be 
regarded  as  an  artefact.  One  might  concede  that  their  experiments 
throw  some  doubt  on  the  existence  of  Golgi  nets,  but  it  is  quite  unjusti¬ 
fiable  to  argue  from  them  that  the  Golgi  apparatus  is  a  non-existent 
structure.  Heilbrunn^®^  has  also  been  very  sceptical  about  the  Golgi 
apparatus.  In  1934  Beams  and  Kingi^.i^,  ^sing  a  centrifuge,  designed 
by  Professor  J.  W.  Beams,  which  was  capable  of  producing  a  centrifugal 
force  of  400,000  g.,  showed  that  in  uterine  gland  cells  of  guinea-pigs 
the  Golgi  apparatus  could  be  removed  from  its  normal  position  in  the 
ceU.  Gresson^’  has  also  found  stratification  of  the  Golgi  bodies  of 
mouse  oocytes  after  centrifuging.  These  results  confirmed  that  the 
Golgi  apparatus  was  a  definite  cell  organ  and,  since  it  was  thrown  centri- 
petally,  that  it  was  less  dense  than  the  cytoplasm.  Since  Beams  and 
King  found  that  there  was  no  displaced  system  of  canals  or  vacuoles, 
their  experiments  dealt  a  severe  blow  to  the  vacuome  hypothesis. 

Hirsch^®^  has  pointed  out  that  the  inability  to  see  the  apparatus  in 
most  living  cells  is  no  indication  that  it  is  not  present,  because,  he  says, 
it  has  an  identical  refractive  index  with  that  of  cytoplasm.  Hirsch 
claims  that  it  is  impossible  to  see  the  nuclei  in  the  living  cells  of  the 
pancreas  of  the  white  mouse  even  under  the  best  conditions  (this  is 
denied  by  Ludford :  personal  communication),  but  that  nobody  would 
say  that  the  nucleus  which  is  apparent  after  fixation  and  staining  is  an 
artefact.  He  also  states  that  the  assertion  by  many  workers  that  the 
Golgi  apparatus  is  never  visible  in  living  cells  is  wrong.  For,  apart 
from  Ludford’s  observations,  van  Bergen2«  saw  the  apparatus  in  the 
unstained  prostate  gland.  Hirsch  and  Bretschneider^o®  have  seen  the 
Golgi  apparatus  in  the  living  intestinal  cells  of  Ascaris.  Gatenby  has 
seen  a  Golgi  apparatus  in  the  unstained  living  cells  of  invertebrates,  and 
Macdougald  and  Gatenby^^®  claim  to  have  seen  the  apparatus  in  living 
Purkinje  cells  of  mammals  and  in  spermatocytes.  Certain  ectosomal 
granules  of  Opalina  are  also  visible  in  life,  and  these  are  regarded  by 
some  as  forming  part  of  the  Golgi  apparatus.  The  apparatus  has  been 
seen  in  hving  eggs,  and  in  some  cells  it  can  be  brought  into  view 
(Hirsch^®®)  by  the  use  of  neutral  red  or  trypan  blue  or  other  dyes,  or  by 
varying  the  acidity  of  the  medium  in  which  the  cell  is  immersed. 

One  might  have  expected  that  the  introduction  and  general  use  of 
phase-contrast  microscopy  (see  Chapter  I,  Section  C)  would  have  led  to 
the  identification  of  Golgi  nets  (if  they  exist)  in  numbers  of  living  cells, 
but  even  this  all-revealing  form  of  microscopy  has  failed  to  demonstrate 
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net-like  structures  in  the  cell.  Brice,  who  has  examined  the  living  sper¬ 
matocytes  of  Lumbricus  by  phase-contrast  microscopy,  found  the  Golgi 
material  to  be  composed  of  a  typical  sphere  with  a  light  centre  com¬ 
parable  with  osmiophilic  and  osmiophobic  regions.  In  some  cells  the 
apparatus  was  in  the  form  of  a  dark  crescent  resting  on  a  clear  sphere 
and  closely  applied  to  the  nucleus. 

In  a  variety  of  living  cells  Barer  and  Crawford,  working  at  Oxford 
with  phase -contrast,  have  been  unable  to  detect  anything  resembling  a 
net  in  the  Golgi  region  (personal  communication),  and  Baker^^  and 
Thomas^^®’^^^,  also  at  Oxford,  in  a  careful  study  of  the  Golgi  regions  of 
various  cells,  and  using  the  same  form  of  microscopy,  were  likewise 
unable  to  discover  networks. 

One  is  now  in  the  position  of  being  more  or  less  forced  to  accept  the 
fact  that  the  reason  why  earlier  workers  failed  to  see  the  Golgi  apparatus 
in  hving  cells  was  that  they  were  looking  for  the  typical  network  struc¬ 
ture  of  the  fixed  impregnated  cell,  and  that  it  is  possible  that  such 
structures  do  not  occur  in  life. 

Worley^^®  and  Worley  and  Worley^^®  found  that  the  Golgi  apparatus 
in  mollusc  cells  has  a  typical  vesicular  form,  and  they  pointed  out  that 
these  vesicles  may  be  ruptured  in  handhng  and  various  treatment,  and 
that  the  contents  escape  and  adhere  to  the  surface  of  nearby  bodies, 
e.g.  yolk,  or  they  may  form  batonettes,  and  may  even  flow  on  to  un¬ 
ruptured  vesicles.  As  a  result  the  apparatus  may  change  from  its  ap¬ 
pearance  as  granules,  droplets,  vesicles,  or  masses  in  the  living  cells  to 
rings,  plates,  cups,  disks,  &c.,  in  the  dead  cell. 

In  another  paper  (1944)  Worley^^'*  stated  that  in  vertebrate  cells  the 
Golgi  apparatus  had  a  simple  vesicular  form  approximating  that  of 
mollusc  cells.  He  found  the  apparatus  to  consist  of  a  number  of  chromo- 
philic  vesicles  within  each  of  w'hich  was  a  colourless  or  chromophobic 
region.  This  he  believed  was  the  developing  product.  The  vesicles,  he 
found,  under  conditions  of  activity,  sometimes  elongated  and  came  into 
contact  with  each  other. 

In  1944  Baker^^  made  a  significant  contribution  to  our  khow4edge  of 
the  Golgi  apparatus  with  his  ‘Structure  and  Chemical  Composition  of 
the  Golgi  Element’.  Baker  examined  the  apparatus  after  various  stain¬ 
ing  methods  in  the  primary  spermatocytes  and  early  spermatids  of  the 
common  snail  {Helix  aspersa),  the  absorptive  cells  of  the  intestine  of  the 
newt  {Triturus  vulgaris),  and  the  nerve  cells  of  the  anterior  mesenteric 
ganglion  of  the  rabbit. 

He  found  the  Golgi  apparatus  w  as,  in  general,  composed  of  four  parts; 

1.  Neutral  red  vacuoles. 

2.  Dense  lipoid-containing  substance. 

3.  Diffuse  lipoid-containing  substance. 

4.  Golgi  product. 
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The  vacuoles  he  found  to  be  spherical  and  to  contain  not  enough 
protein  for  them  to  have  a  granular  appearance  after  fixation — in  fact, 
they  were  usually  destroyed  by  fixative  mixtures.  These  vacuoles  have 
a  considerable  segregating  power  for  certain  dyes;  that  is,  they  6an  con¬ 
centrate  the  dyes  from  dilute  solutions.  The  dense  lipoid  substance 
could  invest  the  vacuoles  completely,  appear  as  irregular  strands  spread¬ 
ing  between  and  over  the  surfaces  of  vacuoles,  or  could  be  attached  to 
individual  vacuoles  as  caps  or  crescents  or  rods.  The  vacuoles  and  the 
dense  lipoid  were  found  to  be  immersed  in  a  diffuse  lipoid  substance. 
The  Golgi  product  was  found  to  arise  within  the  vacuoles. 

In  cells  which  were  not  actively  functioning  he  found  the  vacuoles 
to  be  either  not  present  at  all  or  to  be  so  small  that  they  could  not  be 
demonstrated.  The  Golgi  apparatus  then  became  simply  a  mass  of 
lipoid  which  was  equivalent  to  or  identical  with  Hirsch’s  pre-substance. 
Activity  of  the  Golgi  apparatus  resulted  in  the  appearance  of  neutral 
red  vacuoles. 

The  presence  of  neutral  red  vacuoles  in  the  region  of  the  Golgi  appa¬ 
ratus  has  also  been  shown  by  Hibbard^®’  in  the  cells  of  the  digestive 
tracts  of  young  and  embryonic  chicks. 

Thomas^i®’^^^  working  in  Baker’s  laboratory,  has  investigated  with 
great  care  and  detail  the  Golgi  apparatus  in  the  neurones  of  Helix 
aspersa  and  the  sympathetic  neurones  of  the  superior  mesenteric  gan¬ 
glion  of  the  mouse.  He  used  both  phase -contrast  and  the  more  usual 
microscopical  techniques.  Here  again  he  found  that  the  living  cells  con¬ 
tained  spheroid  bodies  with  a  chromophobic  core  and  a  lipoidal  pellicle. 
These  bodies  he  describes  as  discrete  binary  systems.  The  cores  of  these 
spheroids,  which  stained  with  neutral  red,  are,  he  points  out,  comparable 
with  Parat’s  ‘vacuome’.  The  most  assiduous  study  of  the  cells  with 
phase -contrast  showed  no  signs  of  a  network  or  of  the  classical  dictyo- 
somes  which  are  demonstrated  by  the  standard  impregnation  techniques. 

Thomas  found  that  these  spheroids  are  tinged  brown  by  osmic  vapour 
and  that  if  the  cell  is  immersed  in  osmic  acid  (osmium  tetroxide)  they 
become  blackened.  Prolonged  osmification  blackens  mitochondria  and 
these  link  up  with  the  spheroids  to  form  nets. 

Gatenby,  however,  claims  that  there  is  a  separate  Golgi  apparatus 
apart  from  the  structures  described  by  Thomas. 

Baker’s  work  suggests,  nevertheless,  that  in  certain  cells  it  is  highly 
unlikely  that  the  Golgi  apparatus  is  in  the  form  of  a  conventional  net. 
It  may  be  that  all  Golgi  nets  are  impregnation  artefacts,  although  the 
recognition  of  the  presence  of  diffuse  lipoid  has  made  it  possible  that 
metallic  impregnation  would  produce  a  net-like  appearance  which  is 
due  entirely  to  the  Golgi  material,  and  not  to  the  over-impregnation  of 
other  cytological  constituents. 

One  fact  which  is  now  unequivocal  is  that  Golgi  nets  identical  with 
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those  shown  in  fixed  preparations  cannot  be  seen  in  most  Hving  cells 
even  by  the  most  modern  microscopical  techniques.  If  such  nets  exist 
in  life  they  may  be  made  up  of  some  substance  which  diffuses  at  its 
edges  into  the  surrounding  cytoplasm  and  has  no  well-defined  boundary 
or  membrane. 

The  fact  that  Baker^^  and  Foster®^  have  shown  that  Golgi  vesicles  in 
different  cells  are  embedded  in  diffuse  lipoid  would  explain  both  the 
demonstration  of  nets  by  metallic  impregnation  (due  to  deposition  of 
the  metal  in  the  diffuse  lipoid  between  vesicles)  and  the  apparent 
absence  of  such  nets  in  living  cells. 

c.  Composition  of  the  Golgi  Apparatus 

Nath  (quoted  by  Hirsch^®®)  has  stated  that  the  Golgi  apparatus  can 
be  demonstrated  in  eggs  by  treating  them  with  2  per  cent,  osmium 
tetroxide  for  1 0-15  minutes.  This  capacity  on  the  part  of  the  apparatus 
to  reduce  osmium  tetroxide  even  wdthout  prior  fixation  has  led  many 
authors  to  claim  that  the  Golgi  apparatus  contains  unsaturated  fats  and 
fatty  acids.  This  is  not  necessarily  so,  for  it  appears  that  the  Golgi  appa¬ 
ratus  may  contain  vitamin  C,  which  reduces  osmium  tetroxide ;  and 
Lison^'^®  has  pointed  out  that  the  latter  demonstrates  a  number  of  re¬ 
ducing  substances — a  point  which  has  also  been  made  by  Owens  and 
Bensleyi’^.  Most  techniques,  however,  which  are  used  for  demonstrat¬ 
ing  the  Golgi  apparatus  with  osmium  tetroxide  are  used  after  fixation 
with  reagents  which  would  destroy  vitamin  C  and  therefore  in  these  cases 
the  reduction  of  osmium  tetroxide  may  indicate  the  presence  of  un¬ 
saturated  fatty  material.  In  some  cases  fat  dyes  have  been  used  to  stain 
the  Golgi  apparatus  (Cowdry®®;  Weiner225),  but  this  is  rare.  The  fact 
that  the  apparatus  is  soluble  in  the  usual  fat  solvents  suggests  that 
it  may  contain  a  high  percentage  of  fatty  or  hpoidal  material,  and 
Watzka223  bas  claimed  that  the  Golgi  material  breaks  up  after  chloro¬ 
form  narcosis.  Monne  has  shown  that  if  the  germ  cells  of  Helix  are 
treated  with  sodium  bicarbonate  myelin  figures  are  formed  from  the 
dictyosomes.  On  the  other  hand,  Thomas^io-^n  says  that  the  dictyo- 
somes  in  Helix  are  not  Golgi  material  and  that  they  are  formed  by  the 
over-impregnation  of  mitochondria.  Ciaccio  was  able  to  stain  the  Golgi 
apparatus  in  spermatids  (mammalian)  with  his  lipoid  method,  and 
Boyle®’  said  that  the  chromophobe  element  of  the  Golgi  apparatus  of 
Helix  neurones  was  stained  by  Sudan  IV . 

Baker^b  in  a  critical  discussion  of  the  chemistry  of  the  Golgi  ‘element’, 
points  out  that  the  claim  that  this  body  contains  fat  or  hpoid  is  not 
based  on  any  valid  histochemical  evidence.  He  presents,  however,  the 
results  of  a  number  of  histochemical  tests  as  applied  to  spermatocytes 
and  spermatids  of  the  common  snail,  the  absorptive  cells  of  the  intestinal 
epithelium  of  the.  common  newt,  and  the  nerve  cells  of  the  anterior 
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mesenteric  ganglion  of  the  rabbit.  He  found  that  the  Golgi  material  in 
these  cells  contained  lecithin,  cephalin,  or  sphingomyelin,  and  that 
Windaus’s  test  for  cholesterol  and  Schultze’s  test  for  cholesterol  and 
esters  were  negative.  He  found  the  Golgi  material  to  be  uncoloured  in 
hving  tissues,  suggesting,  therefore,  that  it  contained  no  carotene.  Cain^*, 
however,  found  carotenoids  to  be  present  in  the  Golgi  apparatus  in 
Limnoea  and  Planorbis.  Cain  likewise  has  been  able  to  confirm  that 
Baker’s  test  for  hpines  was  positive  in  the  region  of  the  Golgi  apparatus 
of  the  intestinal  cells  of  the  leech. 

There  thus  appears  sufficient  histochemical  evidence  for  the  conclu¬ 
sion  that  the  Golgi  complex  does,  in  fact,  contain  lipoid  material.  The 
term  ‘hpoid’  as  defined  by  Cain  includes  ‘fats  and  all  other  substances 
that  occur  in  animals  and  plants  and  resemble  fats  in  solubility’.  Lipine 
he  defines  as  ‘hpoids  that  yield  fatty  acids,  phosphoric  acid,  or  galactose, 
and  a  basic  N  compound’.  Cain  confirms  that  the  Golgi  material  con¬ 
tains  lipine. 

In  1925  Nathi’2  suggested  that  the  Golgi  material  contains  protein. 
He  based  this  suggestion  on  the  fact  that  it  is  not  completely  destroyed 
by  fixing  the  tissue  in  Benin’s  fluid.  Bowen  also  has  suggested  that 
protein  is  present  in  the  apparatus,  and  Gatenby  is  of  the  opinion  that 
the  Golgi  material  is  a  combination  of  protein  and  lipoid.  Ciaccio^i'®^ 
has  advanced  a  histohpoid  theory  in  which  he  suggests  that  some  of  the 
lipoid  substances  contained  in  animal  cells  are  in  loose  combination  with 
protein,  which  prevents  them  giving  the  usual  lipoid  reactions.  Ciaccio 
used  unmasking  procedures  to  set  free  the  hpoid.  In  some  cases  he  used 
proteolytic  enzymes.  He  was  able  by  these  means  to  demonstrate  the 
idiozomic  complex  in  the  male  germ  cells  of  Discoglossus  with  fat  dyes. 

Tarao^®^  applied  this  unmasking  procedure  to  the  hepatic  ceUs  of  the 
mouse  and  the  newt.  The  fivers  w^ere  first  fixed  in  formalin,  then  frozen 
sectioned,  and  then  digested  with  pepsin  and  trypsin  in  turn.  They 
were  then  stained  with  aqueous  Nile  blue  sulphate,  which  is  used  nor¬ 
mally  to  stain  fats  and  lipoids.  Tarao  found  that  the  dye  had  demon¬ 
strated  the  Golgi  apparatus.  Two  photographs  (Plate  2,  Figs.  4  and  5) 
taken  from  his  paper  show  the  similarity  between  the  Golgi  apparatus 
demonstrated  by  this  method  (Plate  2,  Fig.  6)  and  that  demonstrated  in 
the  usual  way  by  Kolatchev’s  osmium  tetroxide  method  (Plate  2,  Fig.  4). 

Baker'i  has  pointed  out  that  van  Bergen  in  1904  stained  the  appara¬ 
tus  with  resorcin  fuchsin,  that  Kirkman  had  stained  it  with  aniline  blue, 
and  that  he  himself  had  stained  it  with  nigrosin ;  and,  further,  that  re¬ 
sorcin  fuchsin  is  also  used  to  stain  elastin,  and  aniline  blue  and  nigrosin 
are  used  for  staining  collagen — both  protein  substances.  These,  of  course, 
are  not  histochemical  tests,  but  Baker  gives  details  of  the  application 
of  more  accurate  tests  of  this  nature  on  the  Golgi  material  of  the  three 
types  of  cells  to  which  he  had  applied  his  lipine  tests.  The  Golgi  material 
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was  found  not  to  contain  arginine  or  glutathione,  but  to  give  a  positive 
reaction  with  Millon’s  and  the  xanthoproteic  tests  and  wdth  the  alde¬ 
hyde  test  for  tryptophane.  However,  the  material  was  not  found  to  be 
coloured  more  intensely  than  the  cytoplasm. 

We  may  therefore  conclude  that  the  Golgi  complex,  Uke  the  mito¬ 
chondria,  is  composed  of  protein  as  well  as  of  lipoidal  and  fatty  sub¬ 
stances,  but  that  it  contains  no  more  protein  than  the  rest  of  the 
cytoplasm. 

d.  Vitamin  C  and  the  Golgi  Apparatus 

Observations  by  Bourne^’'^®,  in  numerous  papers  by  Giroud  and 
Leblond  (see  Giroud®^),  and  in  a  series  of  pajjers  by  Tonutti^^®*^^^’^^^,  have 
suggested  that  in  a  large  number  of  cells  vitamin  C  may  be  associated 
with  the  Golgi  apparatus.  In  some  cells,  e.g.  those  of  the  adrenal  cortex, 
vitamin  C  may  occur  in  the  mitochondria  instead  of  the  Golgi  apparatus, 
and  in  other  cells,  but  more  rarely  (Giroud),  it  may  occur  in  both  mito¬ 
chondria  and  Golgi  apparatus.  Vitamin  C  is  demonstrated  histologically 
by  means  of  a  solution  of  silver  nitrate  in  10  per  cent,  acetic  acid.  (For 
recent  review  s  of  the  specificity  of  this  reagent  see  Giroud®^  and  Barnett 
and  Bourne^^.) 

During  the  histogenesis  of  tissues  in  chick  embryos  Barnett  and 
Bourne^^  observed  that  in  many  cells  vitamin  C  appears  to  be  localized 
in  the  region  of  the  Golgi  apparatus.  This  is  particularly  evident  in 
nerve  cells  (Text-figs.  6  and  7)  w^here,  in  addition,  it  may  occur  along 
the  developing  axon.  A  particularly  striking  correspondence  is  shown  in 
Text-figs.  8  and  9,  which  demonstrate  a  vitamin  C  preparation  of  the 
liver  of  a  10-day  chick  embryo  (Text-fig.  9)  and  a  Golgi  preparation 
(Text-fig.  8;  Dalton®®)  of  an  1 1-day  chick  embryo.  In  dividing  cartilage 
cells  of  chick  embryos  (Text-fig.  12)  the  disposition  of  the  vitamin  C 
granules  around  the  chromosomes  and  the  spindle  figure  is  strikingly 
similar  to  the  disposition  of  the  Golgi  apparatus  in  dividing  cells.  It  is 
of  interest  that  these  cartilage  cells  were  the  only  dividing  cells  which 
showed  the  presence  of  vitamin  C.  Other  cells,  even  if  they  contained 
vitamin  C  before  division,  appeared  to  lose  it  when  the  time  came  to 
divide. 

Ries^®^  has  figured  the  egg  of  Aplysia  (Plate  2,  Fig.  9),  stained  to 
demonstrate  granules  of  vitamin  C.  It  appears  that  these  granules  may, 
according  to  Hirsch^®®,  represent  Golgi  pre-substance,  but  he  is  uncertain 
about  it.  When  the  egg  starts  to  divide,  the  granules  pass  to  certain 
cells,  while  others  are  left  without  granules.  This  is  a  rather  different 
behaviour  from  what  we  believe  to  be  characteristic  of  the  Golgi  material 
in  dividing  embryonic  cells.  Very  little  information  is  available  so  far 
on  the  distribution  of  vitamin  C  in  the  eggs  and  early  embryos  of  various 
animals,  and  this  subject  would  provide  a  fertile  field  for  research.  (lor 


MITOCHONDRIA  AND  THE  GOLGI  COMPLEX  263 

the  distribution  of  vitamin  C  in  the  chick  embryo,  see  Barnett  and 

Bourne^^’^^).  ,  ^  i  • 

Miwai®®  has  shown  that  the  decrease  in  size  of  the  Golgi  apparatus 


Text-fig.  6.  Neurone  of  developing  chick.  Golgi  preparation. 
Re-drawn  after  Alexenko®. 

Text-fig.  7.  Vitamin  C  preparation  of  neurone  of  developing 
chick.  Re-drawn  after  Barnett  and  Bourne'*. 


Text-fig.  8.  Golgi  preparation  of  11-day  chick  embryo  liver. 
Re-drawn  after  Dalton*®. 


Text-fig.  9.  Vitamin  C  preparation  of  10-day  chick  embryo  liver. 

Re-drawn  after  Barnett  and  Bourne'*. 

(demonstrated  by  standard  techniques)  in  the  damaged  liver  of  rabbits 
is  similar  to  the  decrease  in  size  shown  by  the  area  containing  vitamin  C 
(acetic  acid/silver  nitrate  technique).  There  was  a  parallel  increase  in 
the  Golgi  apparatus  and  the  vitamin  C-staining  area  in  the  liver  and 
capsule  of  the  rabbit  after  injection  of  vitamin  C.  In  scurvy  in  the 
marmot,  Miwa  showed  a  roughly  parallel  decrease  in  Golgi  apparatus 


c 
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Text-fig.  10.  Vitamin  C  preparation  of  23-day  chick  metanephros, 
showing  apparent  passage  of  vitamin  C  across  the  cell. 


Text-fig.  11.  Changes  in  the  position  of  the  Golgi  apparatus  of  the  rat’s 
kidney  during  diuresis.  Re-drawn  (modified)  after  Fischer’*. 


Text-fig.  12.  Golgi-like  distribution  of  vitamin  C  granules  in  dividing  cartilage  cells 
of  developing  chick.  Re-drawn  after  Barnett  and  Bourne^*. 

Text-fig.  13.  Stages  in  adsorption  of  vitamin  C  on  to  a  ‘Golgi  system’  in  the  intestinal 
cells  of  the  starved  Ascaris.  Re-drawm  after  Hirsch^**. 


Text-fig.  14.  Vitamin  C  preparation  of  goblet  cell  of  rat  s  ileum.  i-v  tv,- 

Text-fig.  15.  Golgi  preparation  of  goblet  cell  of  rat’s  colon.  Re-drawn  after  Duthie  . 
Text-fig.  16.  Distribution  of  Golgi  sub.stpnce  in  fibroblast  producing  fat.  He-drawn 

after  Macdougald  and  Gatenby^**.  ,  .  ■  r  4. 

Text-fig.  17.  Distribution  of  vitamin  C  granules  in  fibroblast  producing  tat. 
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and  vitamin  C-staining  .area  in  kidney  and  liver  cells.  Injection  of 
vitamin  C  into  a  scorbutic  marmot  caused  a  parallel  increase  in  Golgi 
apparatus  and  vitamin  C-staining  area  in  liver  capsule  and  kidney  cells. 
He  concludes  that  vitamin  C  is  associated  with  the  Golgi  apparatus. 

In  Hirsch’s  laboratory  strips  of  intestine  of  the  starved  Ascaris  were 
incubated  in  0*1  per  cent,  solution  of  vitamin  C.  The  cells  absorbed 
the  vitamin  and  concentrated  it  in  the  Golgi  apparatus  (Text -fig.  13). 
Hirsch  suggested  that  the  vitamin  C  was  absorbed  by  the  cells  and 
distributed  in  the  cytoplasm  in  a  finely  divided  form  which  was  not 
visible  through  a  microscope,  and  that  it  was  then  concentrated  in  the 
Golgi  apparatus. 

Bourne  (unpubhshed  work)  has  obtained  similar  results  with  rats’ 
intestines  incubated  with  vitamin  C  in  normal  saline.  Text-fig.  14  shows 
a  goblet  cell  from  a  piece  of  ileum  incubated  in  this  fashion  for  half  an 
hour  and  stained  for  vitamin  C.  It  may  be  compared  with  Text-fig.  15, 
which  shows  a  goblet  cell  of  the  rat’s  colon  stained  to  demonstrate  the 
Golgi  apparatus. 

Hirsch^®^  believes  that  the  vitamin  C  first  permeates  the  externum 
of  the  Golgi  apparatus,  but  that  finally  it  passes  through  it  and  becomes 
localized  in  the  internum,  where  it  plays  a  part  in  the  formation  of  the 
‘product’  of  the  Golgi  apparatus  (Text-fig.  28). 

If  fibroblasts  in  culture  are  stained  with  the  silver  nitrate  reagent 
for  vitamin  C  they  give  practically  no  reaction.  Occasionally  a  few 
small  granules  may  be  found  in  the  region  of  the  idiozome.  Cultured 
fibroblasts  have,  however,  a  well-defined  Golgi  apparatus  (Plate  2, 
Fig.  3).  When  a  fibroblast  is  forming  fat  the  Golgi  apparatus  breaks  up 
into  small  granules,  which  are  scattered  through  the  cytoplasm.  These 
granules  are  often  attached  to  the  fat  globules  (Text-fig.  16).  Vitamin  C 
preparations  of  cells  in  this  condition  show  the  granules  of  vitamin  C 
to  be  distributed  in  a  similar  fashion  to  the  granules  of  Golgi  material 
(Text-fig.  17).  (Barnett  and  Bourne,  unpubhshed  work.) 

Tonutti^i^  has  injected  vitamin  C  together  with  trypan  blue  into 
animals  and  examined  the  kidney  cells  and,  in  the  case  of  pregnant 
animals^^®,  the  decidual  cells.  In  each  case  the  trypan  blue  was  locahzed 
first  in  the  region  of  the  Golgi  apparatus,  and  staining  the  tissue  for 
vitamin  C  showed  that  in  the  centre  of  the  blue  areas  produced  by  the 

trypan  blue  were  black  granules  which  indicated  the  presence  of  vita¬ 
min  C  (Plate  2,  Fig.  10). 

It  was  originaUy  shown  by  Jasswoin^^?  and  more  recently  by  Lud- 
fordi48  that  trypan  blue  granules  form  in  the  region  of  the  Golgi  appa¬ 
ratus  and  then  pass  into  the  body  of  the  ceU  in  the  same  way  as  the 
secretion  droplets  of  gland  ceUs.  Since  Tonutti  has  shovm  that  the 
droplets  of  dye  so  formed  contain  a  central  granule  of  vitamin  C,  it  ap¬ 
pears  likely  that  the  vitamin  is  adsorbed  also  on  to  the  Golgi  apparatus 
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and  then  segregated  into  granules  in  the  same  way  as  the  trypan 
blue.  It  appears  to  be  by  means  of  granules  such  as  these  that  vitamin  C 
is  passed  across  the  kidney  tubule  cells.  It  has  recently  been  shown  by 
Fischer"^®  (Text-fig.  11)  that  during  artificially  induced  diuresis  in  the 
white  mouse  the  Golgi  apparatus  of  the  tubule  cells  shows  a  periodical 
reversal  of  polarity.  If  this  is  so — for  there  is  earlier  work  which  denies 


Text-fig.  18  (a,  b,  and  c).  Ultracentrifuged  cortical  cells  of  rat’s  adrenal  stained  for 

Text-fig.  19.  Ultracentrifuged  cortical  cell  of  rat’s  adrenal  showing  distribution  of 
Golgi  material  (black  rods)  and  mitochondria  (ovals).  After  Dornfield’®. 

Text-fig.  20.  Ultracentrifuged  medullary  cell  of  rat’s  adrenal,  stained  to  demonstrate 

Text-fig.  21.  Ultracentrifuged  medullary  cell  of  rat’s  adrenal  showing  (hstribution  of 
Golgi  material  (black  network)  and  mitochondria  (rods  and  ovals).  After  Dornheld  . 


this  change  of  polarity  of  the  Golgi  apparatus  during  diuresis  (see 
Hirsch^®®) — then  it  is  possible  that  the  Golgi  apparatus  itself  acts  as  a 
transporting  agent  for  vitamin  0.  The  important  point,  however,  is 
that  the  vitamin  does  not  diffuse  freely  across  the  cell  but  is  segregated 
by  the  Golgi  apparatus,  and  makes  its  passage  across  the  cell  either  in 
the  apparatus  or  in  the  form  of  segregated  granules. 

■  The  apparent  passage  of  vitamin  C  through  the  tubule  cells  of  the 

embryonic  chick  metanephros  is  shown  in  Text-fig.  10.  ^ 

Baker^^  has  shown  that  the  vitamin  C  reaction  appears  to  be  localized 
in  the  osmiophil  part  of  the  Golgi  element  in  oocytes  and  that  it  is 
shown,  too,  by  the  acrosome  of  newt  spermatozoa. 

When  the  adrenal  gland  of  a  rat  is  ultracentrifuged  at  a  force  ot 
400,000  g.  for  half  an  hour  it  has  been  shown  (Dornfiekff^.TS)  that  the 
contents  of  the  cells  are  stratified  according  to  their  relative  densities. 
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For  example,  in  the  case  of  the  cortical  cell  the  nucleus  is  thrown  centri- 
fugally  together  with  the  mitochondria.  The  Golgi  apparatus  is  situated 
above  the  nucleus  (centripetal  to  it)  and  is  often  broken  up  into  small 
granules  (Text-fig.  19).  In  the  medul¬ 
lary  cell  the  nucleus  is  of  different 
specific  gravity  relative  to  the  cyto¬ 
plasm  and  it  is  thrown  centripetally, 
although  the  chromatin  which  it  con¬ 
tains  is  thrown  centrifugally,  within 
the  nuclear  membrane.  The  Golgi 
apparatus  is  centripetal  to  the  nucleus 
and  the  mitochondria  are  thrown  cen¬ 
trifugally  (Text-fig.  21).  It  is  obvious 
that  if  such  an  ultracentrifuged  ad¬ 
renal  is  stained  for  vitamin  C  the  dis¬ 
position  of  the  granules  within  the  cell 
will  provide  an  indication  of  whether 
mitochondria  and  Golgi  apparatus 
contain  the  vitamin.  Dr.  J.  St.  L. 

Philpot  has  kindly  ultracentrifuged 
the  adrenal  gland  of  a  rat  for  the 
author  for  this  purpose.  The  gland 
was  ultracentrifuged  at  the  speed 
producing  a  force  of  300,000  g.  for 
three-quarters  of  an  hour.  Micro¬ 
scopical  examination  after  staining 
with  the  acetic  acid/silver  nitrate 
reagent  showed  three  types  of  dis¬ 
position  of  the  granules.  First,  some  cells  in  both  cortex  (Text-fig.  24) 
and  medulla  (Text-fig.  20  and  Plate  3,  Fig.  5)  showed  granules  located 
in  both  the  mitochondrial  and  Golgi  regions;  secondly,  some  showed 
the  granules  located  principally  in  the  Golgi  region  (Text-figs.  18  (a  and 
c),  22,  23,  25;  Plate  3,  Figs.  6,  7,  and  8);  and  thirdly,  in  others  the 
granules  were  located  principally  in  the  mitochondrial  region  (Text- 
figs.  18  b  and  26). 

The  specificity  of  the  acid/silver  nitrate  method  for  vitamin  C  seems 
to  be  reasonably  well  established.  It  is  important,  however,  to  consider 
whether  the  locahzation  of  vitamin  C  in  the  Golgi  region  in  some  cells 
after  the  use  of  the  acid/silver  nitrate  reagent  represents 
distribution  of  the  vitamin. 


Text-figs.  22,  23,  24,  25.  Various 
ultracentrifuged  cortical  cells  of  rat’s 
adrenal  stained  to  demonstrate  vita¬ 
min  C. 

Text-fig.  26.  Ultracentrifuged  me¬ 
dullary  cell  of  rat’s  adrenal  stained  to 
demonstrate  vitamin  C. 


an  in  vivo 


Barnett  and  Fisher'®  pointed  out  that  in  chemical  models  impreg¬ 
nated  with  vitamin  C  and  then  treated  with  acid/silver  nitrate  the  black 
deposit  of  reduced  silver  appears  to  be  localized  at  interfaces.  Sosa 
(personal  communication)  believes  that  ‘  fixing  ’  the  tissue  with  hypo  after 
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treatment  with  acid/silver  nitrate  produces  blackening  in  the  Golgi 
apparatus.  Deane  and  Morse®^  state  that  if  more  than  three  minutes 
elapsed  between  the  death  of  the  animal  and  placing  of  the  tissue  into 
silver  nitrate  there  is  an  apparent  concentration  of  the  vitamin  in 
the  Golgi  region,  but  not  if  it  is  placed  in  silver  nitrate  before  that  time. 
PfuhH’®  considers  that  a  substance  as  diffusible  as  vitamin  C  is  not 
hkely  to  be  aggregated  in  hfe  in  a  granular  form  similar  to  those  found 
in  the  Golgi  region  of  some  cells.  It  is  extremely  unlikely,  however,  that 
vitamin  C  is  in  a  highly  diffusible  condition  in  the  cell,  and  in  any  case 
segregation  is  precisely  what  is  hkely  to  happen  to  a  substance  with  as 
potent  a  reducmg  power  as  vitamin  C,  whether  it  is  diffusible  or  not. 
In  fact,  the  more  diffusible  it  is,  the  more  hkely  is  it  to  be  segregated  in 
some  organ  such  as  the  Golgi  complex.  (See  also  Bourne,  Nature,  in  press.) 

Nevertheless,  serious  consideration  must  be  given  to  the  possibihty 
that  the  apparent  locahzation  of  vitamin  C  in  the  Golgi  region  may  be 
due  to  the  adsorption  on  to  its  surface  of  micelles  of  reduced  silver  pro¬ 
duced  by  the  action  of  the  vitamin  in  some  other  part  of  the  ceh.  How¬ 
ever,  the  evidence  which  is  available  suggests,  in  some  types  of  cell  at 
least,  and  in  certain  physiological  states,  that  vitamin  C  is  present  in  the 
Golgi  region.  Hoch-Ligeti  and  Bourne^^®  found  that  adrenal  cortical 
cells  showed  a  series  of  cycles  in  which  vitamin  C  was  first  locahzed  in 
the  Golgi  region;  it  was  next  seen  in  the  form  of  a  number  of  discrete 
granules  aggregated  at  the  cell  membranes  and  could  then  be  seen  dis¬ 
charged  into  the  surrounding  blood  sinusoids.  The  presence  of  such  a 
cycle  is  of  interest  in  view  of  the  fact  that  it  has  been  suggested  that 
vitamin  C  may  be  attached  to  the  cortical  steroids  on  discharge  into  the 
blood-stream,  as  a  solubilizing  side  chain.  All  the  adrenals  used  for  this 
work  were  placed  in  silver  nitrate  within  three  minutes  of  death  and  all 
were  treated  with  hypo;  that  such  diverse  results  as  those  described 
could  be  obtained  suggests  that  the  locahzation  of  the  vitamin  m  the 
Golgi  region  is  a  function  of  the  physiological  activity  and  is  not  due  to 
vagaries  of  the  technique.  A  discussion  of  this  problem  of  locahzation 
of  the  reaction  is  given  by  Bourne^b  One  may  mention,  however,  that 
Silver^^®  has  shown  that  the  Golgi  region  does  not  provide  a  surface 
which  has  a  particular  affinity  for  silver  micelles  and  that  it  only  does 
so  after  the  ceU  has  been  treated  with  salts  of  heavy  metals  (e.g.  ura¬ 
nium).  It  seems,  therefore,  that  the  localization  of  reduced  silver  m  the 
Golgi  region  after  the  acid/silver  nitrate  technique  is  probably  due  no 
to  the  attraction  of  the  region  for  silver  micelles  produced  elsewhere  m 
the  cell  but  to  the  locahzation  of  the  reducing  substance  there. 

e.  Alkaline  Phosphatase  and  the  Golgi  Apparatus 

It  was  first  shown  by  Bourne^o  in  1943  that  in  some  of  the  columnar 
epithelial  cells  of  guinea-pig’s  jejunum  alkahne  phosphatase  was 
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localized  in  the  Golgi  region.  The  localization  of  phosphatase  in  the 
same  region  of  the  cells  of  the  mantle  edge  (which  secretes  the  shell) 
of  the  mollusc  Mytilus  was  also  figured.  Subsequent  authors  (Deane®^; 
Deane  and  Dempsey®®;  Wislocki  and  Dempsey EmmeP^*’®;  and 
Al-Hussaini^)  have  also  recorded  the  presence  of  this  enzyme  in  the 
Golgi  region. 

In  various  mammals  Deane  and  Dempsey®®  found  that  alkaline  phos¬ 
phatase  was  distributed  in  the  Golgi  region  of  the  duodenal  epithelial 
cells  as  granules  or  as  a  continuous  reticulum.  The  reaction  was  most 
intense  in  the  Golgi  region  of  cells  at  the  bases  of  the  villi.  Enzyme 
granules  were  also  found  in  the  Golgi  region  of  cells  of  kidney  tubules, 
bile  capillaries,  and  uterine  epithehal  cells  of  various  mammals.  The 
same  authors  found  acid  phosphatase  in  the  Golgi  region  of  the  duo¬ 
denal  cells  (particularly  in  the  mid-portion  of  villus)  and  in  the  uterine 
epithelial  cells  of  pregnant  cats  and  sows. 

Deane  and  Dempsey  went  to  some  trouble  to  show  that  various 
methods  of  fixation  did  not  affect  the  degree  of  locahzation  of  the  en¬ 
zyme  into  the  Golgi  region,  and  they  concluded,  therefore,  that  the  reac¬ 
tion  in  this  region  represents  a  real  concentration  of  enzymes  during 
life.  Emmeff'^  found  that  after  freezing-drying,  the  phosphatase  in  the 
Golgi  region  took  the  form  of  a  discrete  black  area  surrounded  by  a 
shghtly  diffuse  boundary.  Only  rarely  did  he  find  a  network.  This  is 
a  form  not  unlike  that  shown  in  Baker’s  Sudan  black  and  acid  haematin 
preparations  of  the  Golgi  apparatus.  After  formol  fixation  the  Golgi 
material  had  the  form  of  a  clear  canahcular  structure  surrounded  by  a 
black  deposit,  indicating  phosphatase  activity.  The  canals  he  found  to 
be  devoid  of  phosphatase  activity.  Emmel  also  showed  that  KCN  irre¬ 
versibly  inhibited  phosphatase  activity  of  the  Golgi  zones  at  a  lower 
level  of  concentration  than  that  at  which  it  inhibits  the  phosphatase  of 
the  nucleus  (nuclease  ?)  and  the  cytoplasm.  He  believed,  therefore,  that 
the  phosphatase  of  the  Golgi  zone  was  different  from  that  in  the  rest 
of  the  cell. 

Deane  and  Dempsey  found  that  adenylic  acid  phosphatase  (a  pyro¬ 
phosphatase)  had  a  similar  distribution  in  the  different  parts  of  the  liver 
cells  (e.g.  appearing  in  the  Golgi  material  of  different  cells  at  different 
pHs)  as  phosphatases  hydrolysing  glycerophosphate  (phospho-mono- 
esterase).  It  may  be  that  the  two  separate  phosphatases  are  located  in 
the  Golgi  region  or  that  a  single  phosphatase  is  able  to  hydrolyse  the 
different  substrates  used.  The  same  authors  suggest  that  all  cells  may 
have  significant  phosphatase  activity  in  the  Golgi  zone  at  some  pH  and 
with  some  substrate. 

What  is  the  function  of  the  phosphatase  in  the  Golgi  apparatus  ? 
Emmeff^  points  out  that  the  enzyme  is  present  in  the  lumen  of  intes¬ 
tine,  kidney,  uterus,  and  bile  capillaries,  and  suggests  that  it  is  being 
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synthesized  and  excreted  by  the  Golgi  complex.  Wislocki  and  Dempsey 
state  that  the  formation  of  glycogen  depends  upon  the  dephosphoryla¬ 
tion  of  hexose  phosphate  and  the  condensation  of  hexose  molecules  to 
form  glycogen.  Alkaline  phosphatase  might  well  be  concerned  in  this 
process  of  dephosphorjdation  and  so  be  concerned  with  the  deposition 
of  glycogen. 

Although  at  present  one  can  only  guess  at  the  functional  relationship 
bet’ween  the  Golgi  apparatus  and  alkahne  phosphatase  it  is  of  great 
interest  that  this  enzyme  is  concentrated  in  this  region  of  the  cell  and 
that  it  is  the  first  enzyme  which  has  been  so  located. 

/.  Function  of  the  Oolgi  Complex 

The  Golgi  complex  possesses  the  abihty  to  adsorb  various  dyes.  It 
seems  able  to  absorb  basic  dyes  in  vitro  and  acid  dyes  only  after  injec¬ 
tion.  A  basic  dye,  neutral  red,  is  claimed  by  Hirsch  to  stain  only  the 
‘pre -substance’  of  the  Golgi  system.  Chlopin^*  and  others  state  that 
the  neutral  red  forms  new  vacuoles  in  the  cytoplasm.  These  vacuoles 
contain  protein  in  solution  and  can  therefore  be  fixed  and  stained. 
Chlopin  calls  these  bodies  the  ‘crinome’.  Trypan  blue,  if  it  is  injected 
(whereby  it  may  be  combined  with  a  protein),  becomes  located  exactly 
(according  to  Bowen^®)  in  the  region  of  the  Golgi  apparatus  of  certain 
cells.  Kedrowsky^^^  has  also  found  that  if  acid  dyes  are  mixed  with 
wheat-flour  they  can  be  adsorbed  into  the  Golgi  material  of  Opalimi. 
This  again  suggests  the  attachment  of  an  acid  dye  to  a  protein.  In  fact 
Hirsch  states  that  the  evidence  available  shows  that  acid  dyes  such  as 
trypan  blue  can  only  be  adsorbed  on  to  the  Golgi  apparatus  if  they  are 
combined  with  an  albumen  carrier.  For  an  analytical  review  of  vital 
staining  see  Ludford'^^  Keller  and  Gicklehorn^^^  have  found  that 
the  majority  of  basic  dyes,  in  the  cell  or  in  protein  solutions,  bear  a  nega¬ 
tive  electrical  charge;  the  adsorption  of  basic  dyes  by  the  ‘  pre-substance’ 
suggests  that  the  latter  bears  a  positive  electrical  charge.  Hirsch  states 
also  that  there  is  evidence  that  the  Golgi  system  itself  is  positively 
charged.  The  fact  that  the  apparatus  in  some  cells  adsorbs  vitamin  C, 
which  probably  carries  a  negative  charge,  supports  this  view.  The  fact 
that  in  the  same  cell  types  on  different  occasions  the  mitochondria  ad¬ 
sorb  vitamin  C  and  on  others  the  Golgi  apparatus  does  so  may  suggest 

a  varying  charge  on  the  two  structures. 

Hirsch  and  Bretschneideri®*  have  found  that  if  iron  sugar  is  fed  to  an 
animal  the  iron  is  adsorbed  on  to  the  Golgi  apparatus  and  not  on  to  the 
mitochondria  or  the  nucleus  (Plate  4,  Fig.  1).  Kedrowsky^32.i33  how¬ 
ever,  found  that  iron  could  only  be  adsorbed  by  the  Golgi  bodies  ot 
Opalina  if  it  w’as  mixed  with  peptone.  It  is  of  interest  that  a  substance 
known  as  iron  ascorbate  (iron  salt  of  vitamin  C)  exists  and  may  have  a 
physiological  function;  the  fact  that  iron  and  vitamin  C  both  aggregate 
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at  the  Golgi  apparatus  suggests  the  sort  of  function  the  apparatus  may 
have,  namely,  that  of  bringing  various  reactants  into  contact  with  each 
other. 

Van  TeeP^®  has  shown  that  Golgi  systems  also  adsorb  compounds  of 
copper  and  gold.  Silver  compounds  are  also  localized  in  this  region  of 
the  cell,  and  Kedrowsky^®^  has  shown  that  the  Golgi  bodies  of  Opalina 
can  adsorb  bismutose  (a  compound  of  albumen  and  bismuth)  and  pro- 
targol  (a  compound  of  albumen  and  silver). 

The  adsorptive  properties  of  the  Golgi  apparatus  mentioned  above 
lend  colour  to  the  speculation  that  the  Golgi  apparatus  acts  as  a  conden¬ 
sation  membrane.  Of  this  theory  Kirkman  and  Severinghaus^®®  state; 

A  great  deal  of  work  strongly  suggests  that  the  Golgi  apparatus  neither 
s5mthesises  secretory  substances  nor  is  transformed  directly  into  them ;  but 
it  acts  as  a  condensation  membrane  for  the  concentration,  into  droplets  or 
granules,  of  products  elaborated  elsewhere  and  diffused  into  the  cytoplasm. 
These  elaborated  products  may  be  lipoids,  yolk,  bile  constituents,  enzymes, 
hormones,  or  almost  any  other  formed  substance. 

The  conception  of  the  Golgi  apparatus  purely  as  a  condensation  mem¬ 
brane  may  be  only  half  the  truth,  for  it  seems  possible  that  synthetic 
products  may  also  be  formed  in  the  interior  of  the  apparatus.  Bowen 
speaks  of  the  Golgi  apparatus  as  ‘a  great  intracellular  centre  of  chemical 
synthesis  or  enzyme  formation’.  Kirkman  and  Severinghaus  lay  con¬ 
siderable  stress  on  the  condensation  membrane  hypothesis,  and  point 
out  that  since  the  Golgi  apparatus  segregates  acid  dyestuffs  into  drop¬ 
lets  one  must  again  conclude  that  the  topographical  appearance  of 
secretory  droplets,  as  evinced  in  the  reaction  of  kidney  and  liver  cells 
to  acid  vital  dyes,  suggests  nothing  so  much  as  a  segregating  and  con¬ 
densing  function  for  the  Golgi  substances’. 

Earher  workers  believed  there  was  an  association  between  the  Golgi 
apparatus  and  secretion,  and  this  was  put  forward  more  definitely  by 
Nassonow^^i  in  1923.  Bowen’s  brilliant  series  of  investigations  proved 
conclusively  the  association  of  the  Golgi  apparatus  with  the  production 
of  secretion  droplets  in  various  types  of  exocrine  gland.  Droplets  of 
secretion  appear  in  the  interstices  of  the  Golgi  network,  and  as  they 
grow  in  number  so  the  apparatus  hypertrophies,  and  finaUy,  when  the 
cell  carries  its  full  load  of  secretion,  the  apparatus  appears  to  break  up 
and  small  pieces  become  attached  to  some  of  the  secretory  granules 
(Plate  4,  Figs.  4  and  7).  Bowen  worked  with  the  well-known  externally 
secreting  glands.  There  is  evidence  also  that  the  apparatus  is  associated 
with  the  secretion  of  bile  by  the  liver,  of  synovial  fluid  by  the  synovial 
membrane  111  the  production  of  the  enamel  of  teeth  by  ameloblasts® 

production  of  pigment  by  the  cells  of  the  iris 
epithelium,  the  formation  of  fatty  yolk  in  eggs,  and  of  the  acrosome  in 
spermatozoa.  Hypertrophy  of  the  apparatus  is  also  found  in  cells  which 
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are  undergoing  cornification  and  in  connective  tissue  which  is  forming 
fat,  and  in  the  formation  of  cartilage.  Cramer  and  Ludford®^  state  that 
the  apparatus  is  actively  concerned  in  the  process  of  resynthesis  of  fats 
from  the  fatty  acids  and  glycerol  absorbed  by  the  intestinal  cells. 

Moricard^^®  has  shown  that  the  Golgi  complex  is  associated  with 
the  production  of  follicular  fluid  by  the  granulosa  cells  of  the  ovary. 
Jarvi^^^’^^^’^^®  has  shown  that  in  the  pancreas  pigmented  bodies  appear 
to  be  produced  in  this  region,  and  Sluiter^®®-^®^  has  shown  that  in  the 
same  organ  the  pro -enzyme  granules  appear  to  have  a  functional  rela¬ 
tionship  with  the  Golgi  complex. 

Wimsatt229  says  that  the  Golgi  ‘end’  of  the  cells  in  the  endometrium 
of  the  bat  are  metabolically  more  active  than  the  opposite  end  of  the 
cell.  He  points  out  that  absorbed  materials  must  pass  through  the  Golgi 
region  which  has,  therefore,  an  opportunity  of  acting  on  these  materials. 
Wimsatt  also  found  considerable  differences  in  the  form  and  distribu¬ 
tion  of  the  Golgi  material  of  the  mesenchymal  and  trophoblast  cells  of 
the  bat  placenta  at  different  stages  of  pregnancy.  Wislocki  and  co¬ 
workers  found  that  in  the  human  syncytial  trophoblast  the  Golgi  sub¬ 
stance  was  usually  in  a  granular  dispersed  form,  and  they  thought  that 
this  might  be  related  to  the  need  for  equal  distribution  of  the  Golgi 

substance  throughout  growing  tissues. 

Aykroyd  and  Gatenby^  found  that  changes  in  the  Golgi  material  of 
human  uterine  gland  cells  could  be  correlated  with  functional  activity. 

There  is  some  evidence  that  the  Golgi  material  may  be  concerned 
with  the  elaboration  of  endocrine  products  or  with  the  direction  in  which 
the  products  are  secreted;  e.g.  Cowdry  has  suggested  that  the  reversed 
polarity  of  the  Golgi  apparatus  which  is  seen  in  some  thjTOid  cells  is 
an  indication  of  reversal  of  secretion;  that  the  cell,  instead  of  dischar¬ 
ging  into  the  lumen,  discharges  directly  into  the  blood-stream.  This 
reversal  of  polarity  as  an  indication  of  reversal  of  secretion  is  not  up¬ 
held  by  all  other  workers.  (For  a  discussion  of  the  Golgi  apparatus  and 

thyroid  secretion  see  Chapter  10.)  .  i  z-i  i  • 

Vasquez-Lopez2i9  has  suggested  that  the  changes  in  the  Golgi  ma¬ 
terial  of  the  pancreatic  islet  cells  give  an  indication  of  secretion. 

In  the  parathyroid  gland  Rosofi®^  has  suggested  that  the  Golgi  ma¬ 
terial  varies  in  form  with  the  secretory  cycle,  a  conclusion  which  has 
been  confirmed  by  Foster®!.  De  Robertis’i  found  that  injection  of  para 
thyroid  extract  into  an  animal  caused  considerable  changes 
of  the  Golgi  apparatus  which  continued  for  some  15  days  after  the 

'"Srrier  and  Reiss-  stated  that  the  cells  of  the  parathyroid  gland 
were  arranged  in  cylindrical  columns,  that  these  columns  were  drained 
bv  a  central  capillary  and  supplied  by  nutritive  capillaries.  The  authors 
claimed  that  the  Golgi  apparatus  of  the  parathyroid  cells  was  orientate 
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between  the  cell  nucleus  and  the  central  vein.  Other  workers,  however, 
have  found  that  many  parathyroid  cells  do  not  show  this  orientation  of 
the  Golgi  apparatus. 

Several  workers  have  attempted  to  correlate  changes  in  the  Golgi 
apparatus  of  cells  of  the  anterior  pituitary  gland  with  functional  changes 
in  the  gland  or  with  the  presence  or  absence  of  granules  in  the  cells. 
Atwell^,  for  example,  found  no  hypertrophy  of  Golgi  material  in  fully 
granulated  cells;  a  finding  supported  by  Foster®^.  Haquist^®^  found  that 
in  the  female  guinea-pig  a  loss  of  granules  (both  eosinophil  and  basophil 
cells)  could  be  associated  with  a  progressive  hypertrophy  of  the  Golgi 
material.  Ayer®,  describing  vesicles  moving  out  from  the  Golgi  region 
in  the  hypophysis  of  the  young  rat,  suggested  this  may  have  been  the 
origin  of  the  endocrine  secretions  of  the  cells. 

Reiss^®®  stated  that  in  the  hypophysis  of  the  cat  the  chromophobe 
cells  showed  no  particular  orientation  of  the  apparatus,  suggesting  that 
these  cells  w^ere  in  a  resting  condition.  In  the  acidophilic  cells  the  Golgi 
apparatus  occurred  between  the  nucleus  and  the  central  area.  In  baso¬ 
phils  it  was  placed  peripherally.  Reiss  stated  that  aU  stages  of  transi¬ 
tion  betw'een  the  two  types  of  cells  could  be  observed,  and  he  expressed 
his  belief  that  the  cell  can  pour  out  a  secretion  at  the  periphery  and 
then  reverse  and  discharge  a  different  substance  into  the  centre  of  the 
cluster.  Severinghaus  found,  how’ever,  that  the  Golgi  apparatus  was 
not  orientated  towards  the  lumen  of  the  blood  capillaries  in  either  baso¬ 
phils  or  acidophils.  He  claims  that  there  is  no  justification  for  using  its 
position  in  the  cell  as  an  indicator  of  secretory  activity.  Severinghaus^®® 
also  found  two  distinct  types  of  Golgi  apparatus  in  the  chromophobes; 
one  type  of  apparatus  was  comparable  with  that  found  in  acidophils  and 
the  other  with  that  found  in  basophils.  He  believes  that  this  is  evidence 
that  these  cells  arise  separately  from  the  chromophobes  and  that  they 
are  not  actually  interchangeable. 


Foster®®  studied  the  Golgi  material  in  the  anterior  pituitary  gland  of 
the  rat,  using  Sudan  black.  He  found  the  appearance  of  the  material 
was  substantially  the  same  as  that  obtained  by  the  more  usual  Golgi 
techniques.  The  Golgi  zone  he  found  to  contain  diffuse  sudanophil 
material  in  which  were  embedded  clear  vacuoles  and  strongly  sudano¬ 
phil  bodies,  the  last  being  often  associated  with  the  vacuoles  as  caps  or 
rims  or  granules.  Administration  of  stilboestrol  to  the  animal  he  found 
to  cause  an  increase  in  the  number  of  clear  vacuoles.  He  found  a  more 
vanable  increase  in  the  amount  of  strongly  sudanophU  material 
Reese  and  Mooni®?  found  a  hypertrophy  of  the  Golgi  material  in  the 
a  renal  cortical  cells  of  the  cat  after  injection  of  adreno-cortico-trophic 
hormone,  but  Bennett^i  was  not  able  to  correlate  changes  in  the  Golgi 
matena  with  secretion  in  the  cat  adrenal.  Bourne®^  attempted  to 
demonstrate  that  the  Golgi  material  in  the  adrenal  cortical  cells  was 
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concerned  with  the  production  of  lipoid  droplets.  No  unequivocal  evi¬ 
dence  that  this  was  so  could  be  obtained,  but  it  was  found  that  in  cells 
containing  few  or  no  lipoid  droplets  in  the  secretory  part  of  the  cortex 
the  Golgi  apparatus  was  invariably  small  and  compact.  On  the  other 
hand,  cells  which  were  full  of  lipoid  droplets  could  be  divided  into  two 
types,  those  with  a  small  apparatus  and  those  with  a  hypertrophied  and 
partly  fragmented  apparatus.  It  appeared  that  at  some  stage  the  Golgi 
material  might  play  a  part  in  the  maturation  of  the  lipoid  droplets. 
Types  of ‘Golgi  distribution  present  in  adrenal  cortex  and  medulla  can 
be  seen  in  Plate  3,  Fig.  1,  a-h.  These  may  be  compared  with  the  vita¬ 
min  C  preparations  of  adrenal  cells  in  Plate  3,  Figs.  2,  3,  4.  The  simi¬ 
larity  of  the  Golgi  preparations  to  vitamin  C  preparations  suggests  that 
the  spreading  of  the  Golgi  material  through  the  hpoid  droplets  may  be 
concerned  with  the  linking  of  vitamin  C  on  to  the  sterol  molecule,  a 
process  which  is  believed  to  occur  at  some  stage  before  secretion  of  the 
cortical  steroids. 

A  review  of  the  Golgi  apparatus  and  endocrine  secretion  is  given  by 
Foster®®. 

McManusi®®4®^’^®^  has  recorded  an  interesting  change  of  polarity  of  the 
Golgi  complex  in  the  first  and  second  convoluted  tubules  of  the  kidney. 
In  these  tubules  the  Golgi  material  is  on  the  side  of  the  nucleus  adjacent 
to  the  tubular  lumen,  but  in  the  macula  densa  the  cells  of  the  second 
convoluted  tubule  adjacent  to  the  glomerulus  show  the  Golgi  material 
on  the  other  side  of  the  nucleus.  He  suggests  a  functional  explanation 

for  this :  r  i,  4.  i  + 

1.  That  some  substance  is  passing  across  the  cells  of  the  tubules  to 

the  specialized  cells  of  the  glomerular  root. 

2.  That  this  process  is  the  method  by  means  of  which  the  haemo¬ 
dynamics  of  the  nephron  are  integrated. 

This  reversal  of  polarity  was  found  in  the  kidneys  of  cat,  rabbit,  an 

It  has  been  said  that  because  a  cell  organ  such  as  the  Golgi  apparatus 
hypertrophies  it  is  not  necessarily  bound  up  with  the  secretion  o 
certain  droplets  which  are  seen  near  it  or  in  its  interstices.  It  may 
be  true  that  the  actual  substance  of  the  Golgi  apparatus 
be  modified  into  secretory  droplets,  but  the  syntheses  of  the  cell  take 
place  as  a  result  of  the  catalytic  action  of  surfaces,  and  hypertrophj 
Ind  partial  fragmentation  of  the  Golgi  apparatus  are  “"doubtedly  the 
result  of  the  necessity  within  the  cell  for  an  increase  of 
face.  It  is  possible,  too,  that  enzymes  are  adsorbed  on  to  the  surfacej^f 
the  apparatus.  The  same  argument  applies  to  nutochom  ^ 
they  are  filamentous  they  are  providing  the  smallest,  an  w  i 

in  fannies  they  are  providing  the  greatest 

why  the  surfaces  of  a  cell  are  so  important,  and  why  they  are  piobab  y 
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the  seat  of  syntheses,  is  that  surfaces  are  invariably  regions  of  free 
energy.  Synthesis  requires  energy,  and  if  the  chemical  reactions  of  the 
cell  are  to  obey  the  Second  Law  of  Thermodynamics,  such  syntheses 
must  take  place  where  free  energy  is  available.  Oxidative  reactions 
occur  most  actively  in  the  living  cell  in  contact  with  solid  or  structural 
cell  material,  i.e.  at  the  boundary  of  protoplasmic  phases — in  other  words, 
at  the  surfaces  of  membranes,  fibrils,  granules,  and  other  solid  cell 
structures,  which  appear  to  have  a  catalytic  or  accelerating  influence 
on  these  reactions.  This  has  been  tested  with  living  cells  by  the  use  of 
reagents  which  become  coloured  on  oxidation.  Lillie^^*  says  that  in 
areas  of  the  cell  surrounded  by  membranes  a  ‘  variety  of  physiological  or 
metabolic  activities  may  proceed  side  by  side  in  the  same  cell  without 
interfering  with  one  another’.  Lillie  quotes  the  Golgi  apparatus  and  the 
mitochondria  as  two  examples  of  such  areas.  It  may  be  significant  that 
these  organelles  are  often  associated  with  other  cell  membranes ;  e.g.  the 
mitochondria  are  often  aggregated  near  the  nucleus  or  the  cell  mem¬ 
brane,  and  the  Golgi  apparatus  is  often  associated  with  the  nuclear 


membrane. 

It  is  known  that  the  velocity  of  any  reaction  taking  place  at  a  surface 
will  be  greater  the  larger  the  surface  exposed.  In  colloid  systems  there 
exists  what  Alexander^  calls  a  zone  of  maximum  coUoidality,  which 
means  that  in  such  a  system  too  great  a  degree  of  aggregation  results  in 
only  a  relatively  small  surface  area  being  available  and  a  given  reaction 
proceeds  too  slowly ;  in  a  condition  of  too  great  a  dispersal  the  reaction 
proceeds  too  rapidly.  Therefore,  to  obtain  the  appropriate  speed  there 
must  be  a  balance  between  the  two  states  of  dispersal.  Once  again  we 
may  apply  this  analogy  to  the  mitochondria  and  the  Golgi  apparatus. 
There  may  be  a  mitochondrial/Golgi-surface  to  cell-volume  ratio  for 
which  the  cell  has  its  optimum  function.  An  alteration  of  this  surface: 
volume  ratio  by  bacterial  toxins,  undue  amounts  of  hormones  or  drugs, 
or  deficiency  of  mineral  or  vitamins  may  be  one  of  the  factors  involved 
m  the  state  known  as  ill  health.  Examples  are  the  formation  of  large 
mitochondrial  masses  in  scurvy  (Bourne^s)  and  the  increase  in  the 
^ount  of  Golgi  material  in  the  nerve  cells  in  beri-beri  (Changes)  Also 
Horning  has  investigated  the  effects  of  acute  and  chronic  morphine 
poisomng  in  the  Golgi  apparatus  of  various  tissues  of  the  white  rat  In 
the  spinal  neurones  of  animals  with  acute  morphine  poisoning  (as  a 
result  of  massive  injections  of  morphine)  he  found  that  there  was  a 

■  the  Golgi  material.  These  changes 

are  beautifu  ly  illustrated  in  Plates  5  and  6,  the  photomicrographs  for 

which  were  kindly  supplied  by  Dr.  Horning. 

pneumonia  TonuttP»  has  found  that  alveolar  phago- 

gmmiir  sine  '^“"tained  a  large  number  of  vitamin  C 

granules.  Since  vitamm  C  is  usually  segregated  in  either  the  Golgi 


276 


MITOCHONDRIA  AND  THE  GOLGI  COMPLEX 


apparatus  or  in  the  mitochondria,  this  suggests  that  one  or  the  other  of 
these  organelles  has  broken  up  into  innumerable  granules  and  has  thus 
enormously  increased  the  amount  of  surface  available  (Plate  1,  Fig.  6). 
It  has  been  shown  by  Martinson  and  Fettisenko^®®’^®^*^®^  that  vitamin 
C  stimulates  both  lipolysis  and  proteolysis,  and  therefore  such  a  cell  is 
well  equipped  to  deal  with  phagocytosed  material. 

Bayliss^®  has  described  the  hving  cell  as  a  heterogeneous  system.  In  a 
homogeneous  system  aU  the  molecules  are  equally  accessible  to  external 
influences,  either  chemical  or  physical,  and  in  heterogeneous  systems 
only  those  at  the  surface  of  each  phase  are  so  accessible.  Therefore,  only 
the  superficial  molecules  of  the  mitochondria  or  Golgi  apparatus  are 
capable  of  direct  reaction  with  the  cytoplasm.  Although  we  cannot 
conceive  of  mitochondrial  or  Golgi  apparatus  activity  apart  from  the 
cytoplasm  in  which  it  lies,  we  must  remember  that  some  substances, 
e.g.  vitamin  C,  can  pass  into  the  interior  of  these  organs  and  that,  there¬ 
fore,  reactions  can  proceed  inside  both  the  mitochondria  and  the  Golgi 
apparatus  which  would  be  quite  different  from  those  proceeding  at  the 
surface.  It  seems  that  both  Golgi  apparatus  and  mitochondria  are  in  a 
state  of  chemical  balance,  and  that  changes  in  the  permeabihty  of  the 
ceU  membrane  or  of  their  own  membranes  may  swing  their  activity 
from  rest  to  synthesis  or  lysis. 

The  Golgi  apparatus  appears  to  be  intimately  associated  with  cellular 
s3nithesis,  and  it  has  been  known  for  some  time  that  in  scurvy  synthetic 
processes  of  cells  are  inhibited.  Hirsch  claims  that  when  a  cell  is  about 
to  form  a  ‘product’  the  Golgi  apparatus  adsorbs  vitamin  C.  He  says 
that  prior  to  the  formation  of  secretion  droplets  in  pancreas  cells,  vita¬ 
min  C  can  be  demonstrated  in  the  Golgi  region.  Edeini®®  has  shown 
that  osteoblasts  may  also  contain  aggregations  of  vitamin  C  in  the 
same  region  of  the  cell.  As  mentioned  before,  fibroblasts  iu  vitvo  show 
the  presence  of  vitamin  C  in  the  scattered  Golgi  material  only  when  the 
cell  is  producing  fat.  Cartilage  cells  in  the  chick  embryo,  prior  to  the 
hypertrophy  which  precedes  bone  formation,  show  dense  aggregations 
of  granules,  not  only  in  the  Golgi  apparatus,  but  packing  the  rest  of 
the  cytoplasm  as  well.  Also,  in  the  histogenesis  of  other  organs  in  the 
chick  embryo,  particularly  the  liver  and  the  brain,  the  cells  show  (as 
has  already  been  mentioned)  an  aggregation  of  vitamin  C  granules  in 
those  regions  of  the  cell  where  one  would  normally  expect  a  Golgi  appa¬ 
ratus  to  be  situated.  In  heahng  wounds  (Bourne,  unpublished  work), 
cells  are  present  which  contain  abundant  black  granules,  many  of  them 
aggregated  near  the  nucleus  in  what  appears  to  be  the  Golgi  region  of 
the  cell,  but  others  are  lying  in  the  body  of  the  cytoplasm ;  these  cells  are 
probably  macrophages  and  may  be  assumed  to  be  producing  enzymes 
for  the  intracellular  digestion  of  engulfed  material.  It  is  noteworthy, 
too,  that  the  outer  cells  of  the  zona  fasciculata  of  the  adrenal  gland 
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show  vitamin  C  granules  aggregated  in  the  Golgi  region,  whereas  this  is 
not  always  so  in  the  inner  cells  of  this  zone.  Bennett^i  has  sho^  that 
it  is  the  outer  cells  of  the  zona  fasciculata  which  contain  the  biologically 

active  17-keto  steroids.  •  •  r* 

These  facts  lend  strong  support  to  the  conception  that  vitamin  C, 

through  its  association  with  the  Golgi  system,  plays  a  part  in  a  wide 
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Text-fig.  27.  Relationship  of  the  Golgi  apparatus  to  other  parts  of  the  cell  and 
to  the  formation  of  a  product.  Re-dravim  after  Hirsch^o®. 
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Text-fig.  28.  Relationship  of  vitamin  C  to  the  Golgi  apparatus. 
Re- drawn  after  Hirsch^®®. 


variety  of  cellular  syntheses,  but  it  seems  unlikely  that  the  vitamin 
plays  a  direct  part  in  the  synthesis  of  such  different  chemical  sub¬ 
stances.  Tonutti  thinks  that  the  Golgi  apparatus  stores  vitamin  C  and 
hberates  it  slowly  into  the  cytoplasm  in  sufficient  amounts  to  prevent 
oxidation  of  the  cell  products. 

A  more  likely  explanation  seems  to  be  (since  the  metabolism  of  cells  is 
raised  when  they  are  carrying  out  synthetic  processes)  that  unless  these 
various  products  are  being  protected  by  being  produced  in,  or  adsorbed 
on  to,  a  specially  segregated,  highly  reducing  area  of  the  cytoplasm, 
they  would  be  oxidized  as  rapidly  as  they  are  formed. 

Wolf-Heidegger^®^  has  suggested  a  converse  relationship  between 
vitamin  C  and  the  Golgi  apparatus  in  the  cells  of  the  teli  of  the  choroid 
plexus.  He  claims  that  the  vitamin  enters  the  cerebro-spinal  fluid  from 
the  blood  in  this  region.  In  the  blood  the  vitamin  is  chiefly  in  the  re¬ 
versibly  oxidized  form,  and  in  the  cerebro-spinal  fluid  it  is  in  the  reduced 
condition.  During  the  passage  of  the  vitamin  across  the  cells  of  the 
choroid  plexus,  reduction  must  occur.  Wolf-Heidegger  states  that  the 
vitamin  is  adsorbed  on  to  the  Golgi  apparatus  and  he  believes  that  this 
is  the  region  where  reduction  takes  place.  If  this  is  so  it  is  possible  that 
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the  second  reducing  substance  may  be  glutathione  which,  incidentally, 
does  not  react  with  acetic  acid/silver  nitrate.  There  is  a  roughly  parallel 
distribution  of  glutathione  and  vitamin  C  in  the  body,  and  the  two 
substances  are  known  to  be  capable  of  forming  an  oxidation-reduction 
system.  It  should  be  borne  in  mind  that  the  Golgi  apparatus  in  cells 
other  than  those  of  the  choroid  plexus  may  be  the  locus  of  a  ‘redox’ 
system  based  on  vitamin  C  and  glutathione.  Jarvi^^s  believes  that  vita¬ 
min  C,  through  its  association  with  the  Golgi  region  in  pancreatic  cells, 
is  concerned  with  the  production  of  zymogen  granules  in  that  organ. 
This,  however,  is  denied  by  Sluiter^oi. 

One  can  conceive  of  the  function  of  the  Golgi  apparatus  in  gland  cells, 
but  it  is  difficult  to  understand  its  function  in  non-secretory  cells  such 
as  the  nerve  cell.  Some  workers  have  claimed  that  its  function  in  the 
nerve  cells  of  Helix  is  to  secrete  fat.  A  more  likely  activity  is  suggested 
by  BrambelP®,  based  on  his  work  on  Helix.  He  beheves  that  in  the 
neurones  the  apparatus  is  responsible  for  the  secretion  of  the  Nissl 
granules.  He  found  Nissl  granules  distributed  in  the  same  manner  as 
the  Golgi  apparatus,  and  Nissl  granules  were  most  marked  in  those  cells 
in  which  the  apparatus  is  very  active.  Andrew®,  in  the  Purkinje  cells  of 
young  and  adult  mice,  found  distinct  Golgi  nets,  but  in  senile  animals 
he  found  the  Golgi  material  in  the  form  of  scattered  granules. 

CajaP®  and  Penfield^’®  found  a  fragmentation  and  regression  of  the 
Golgi  apparatus  of  spinal  neurones  following  section  of  their  axones. 

The  Golgi  apparatus  increases  in  amount  in  beri-beri  (Plate  4,  Figs.  5 
and  6).  This  gives  the  impression  that  it  is  undergoing  a  compensatory 
hypertrophy.  If  this  is  so  it  is  of  special  interest  because  of  the  chemical 
changes  found  in  nervous  tissue  in  beri-beri  by  Peters  and  his  co- 
workers.^’'^  It  is  tempting,  therefore,  to  postulate  that  the  Golgi  appa¬ 
ratus  is  associated  with  carbohydrate  metabolism. 

Although  there  are  indications  of  the  function  which  the  Golgi  com¬ 
plex  may  have  we  are  still  in  the  position  of  having  very  little  certain 
knowledge  of  its  true  role  in  cell  physiology. 

Nevertheless,  it  seems  safe  to  assume  that  the  Golgi  region  is  one 
which  is  capable  of  the  segregation  of  dyes  and  other  substances  and  that 
this  property  serves  two  purposes.  Firstly,  it  has  a  protective  action 
both  for  the  products  of  cellular  activity,  protecting  them  from  being 
further  metabolized  after  they  are  formed,  and  for  the  cell  itself,  by 
segregating  toxic  substances  and  substances  such  as  vitamin  C,  which 
would  seriously  interfere  with  the  normal  activity  of  the  cell  if  they 
were  diffused  through  the  cytoplasm.  Secondly,  it  causes  aggregation 
of  products  found  in  the  rest  of  the  cytoplasm  into  secretion  droplets 
ready  for  excretion. 

A  possible  further  function  is  that  of  bringing  reactants  into  contact 
with  each  other  by  their  adsorption  on  to  this  region  of  the  cell.  That 
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the  substance  of  the  Golgi  complex  itself  takes  part  in  reactions  in  this 
region,  e.g.  the  phosphatase  in  the  Golgi  region  of  intestinal  cells,  is 

hkely. 

What  chemical  part  the  Golgi  complex  plays  in  the  physiology  of  the 
cell  we  cannot  say  until  we  know  for  certain  to  what  extent  enzymes, 
vitamins,  and  so  on  are  concentrated  in  it,  but  slowly  we  seem  to  be 
building  up  a  picture  of  the  physical  part  it  plays  in  the  cells’  activities. 


g.  Summary  of  the  Golgi  Complex 

The  so-called  Golgi  apparatus  is  probably  more  correctly  described 
as  the  Golgi  complex,  since  it  has  been  shown  to  consist,  in  some  cells 
at  least,  of  three  types  of  material,  i.e.  spheroids  with  a  lipoidal  cortex, 
dense  hpoid,  and  diffuse  hpoid. 

This  structure  explains  the  variety  of  forms  which  the  Golgi  complex 
can  apparently  assume.  It  is  probable  that  the  complex  is  constantly 
changing  its  form  in  individual  cells,  although  cells  of  the  same  organ 
appear  to  have  a  Golgi  complex  of  similar  general  pattern. 

The  presence  of  spheroids  in  adipoid  matrix  which  diffuses  into  the 
surrounding  cytoplasm  without  definable  membranes  would  explain 
most  of  the  observed  facts  concerning  the  staining  and  physical  mani¬ 
festations  of  this  enigmatical  region  of  the  cell. 

It  is  certain  that  the  Golgi  complex  in  all  cells  does  not  have  this 
triple  structure,  and  in  some  invertebrate  cells  the  spheroids  do  not 
appear  to  be  embedded  in  lipoidal  material ;  while  in  some  vertebrate 
cells  photographs  taken  by  ultraviolet  hght  seem  to  show  that  the  Golgi 
region  is  bounded  by  a  membrane  (see  Chapter  10). 

The  Golgi  region  in  some  cells  has  been  shown  to  contain  lecithin, 
cephalin,  or  sphingomyelin.  Carotene  has  also  been  found  to  be  present 
in  one  case.  It  also  contains  protein,  but  not  more  than  the  cytoplasm. 
Vitamin  C  and  alkahne  and  acid  phosphatases  have  also  been  shown 
to  be  present  in  this  region  of  some  cells. 

The  Golgi  complex  is  certainly  concerned  in  the  production  of  the 
secretion  of  exocrine  glands  and  it  may  be  associated  with  the  forma¬ 
tion  of  endocrine  products. 

It  acts  as  a  condensation  membrane,  segregating  substances  to  be 
secreted  and  potentially  toxic  substances.  It  can  act,  therefore,  as  a 
protective  mechanism  for  the  cell  and  as  a  synthetic  centre. 

It  probably  plays  a  direct  chemical  part  in  some  cellular  syntheses. 

It  appears  to  play  some  part  in  the  differentiation  of  embryonic  ceUs, 
for  it  is  active  during  histogenesis. 


Lrirf.  T*  ’  J.>  have  suggested  that  the  conventional  Golgi  net  is  an 

Hmfre  of  myelin  figures  produced  by  the  action  of  fixatives  on  the 

hpoid  containing  neutral-red  staining  spheroids  present  in  the  Golgi  region  of 
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DESCRIPTION  OF  PLATES 

PLATE  1 

Fig.  1.  Myoblast  from  culture  of  ventricle  of  6-day  chick  embryo.  The  mito¬ 
chondria  may  be  seen  as  rods  and  long  filaments.  From  Richardson  (1934). 

Fig.  2.  Telophase  in  myoblast  from  culture  of  ventricle  of  6-day  chick  embryo. 
The  mitochondria  arc  distributed  more  or  less  equally  between  the  two  daughter- 
cells.  From  Richardson  (1934). 

Fig.  3.  Section  of  Opalina.  The  mitochondria  (Mt)  may  be  seen  as  small  rods 
associated  with  grey  spheres— the  vegetative  granules  (Vg).  From  Richardson 
and  Horning  (1931). 
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Fig.  4.  Vitamin  C  preparation  of  cell  from  adrenal  medulla  of  rat.  The  granules 
have  a  mitochondrial  appearance.  (Re-touched.)  X  1,200.  Compare  with  Fig.  5. 

Fig.  6.  Mitochondrial  preparation  of  cell  from  adrenal  medulla  of  guinea-pig. 
From  Mulon,  after  Rogoff  and  Stewart  (1932). 

Fig.  6.  Histiocyte  from  infected  hmg.  Stained  to  demonstrate  vitamin  C. 
The  entire  cell  may  be  seen  to  be  packed  with  granules.  From  Tonutti  (1938). 

Fig.  7.  Vitamin  C  preparation  of  corpus  lutemn  cells,  showing  mitochondrial 
appearance  of  granules.  After  Giroud  (1938). 

Fig.  8.  Vitamin  C  preparation  of  anterior  pituitary  gland  of  rat,  showing  mito¬ 
chondrial  appearance  of  granules  in  chromophilic  cells.  The  chromophobe  cells 
give  no  reaction  with  the  silver  nitrate  reagent.  (Re-touched.) 

PLATE  2 

Fig.  1.  Living  fibroblast  from  culture  of  rat  heart.  Dark  ground  illvunination. 
The  nucleus  may  be  seen  as  a  black  oval  mass  near  left  border  of  light  area  repre¬ 
sented  by  the  cell.  Immediately  to  the  right  of  the  nucleus  and  in  contact  with  it 
is  an  irregular  black  area  speckled  with  white.  This  is  the  Golgi  apparatus.  From 
Ludford  (1935). 

Fig.  2.  Electron  microscope  photograph  of  an  apparently  homogeneous  silver 
granule  in  a  photographic  emulsion.  (Magnification  25,000  diameters.  By  per¬ 
mission  of  Science  Service,  Washington,  and  the  Research  Laboratories  of 
Kodak  Ltd.) 

Fig.  3.  Epithelial  cell  from  culture  of  chick  liver.  The  Golgi  apparatus  may  be 
seen  to  the  right  of  the  nucleus.  The  division  into  inner  and  outer  portions  may 
easily  be  seen.  From  Richardson  (1934). 

Fig.  4.  Hepatic  cell  of  mouse.  Kolatchev  preparation.  The  Golgi  apparatus 
may  be  seen  sm'rounding  the  nucleus.  (Re-touched.)  From  Tarao  (1939). 

Fig.  5.  Hepatic  cells  of  mouse  digested  by  pepsin  and  stained  w'ith  Nile  blue 
sulphate.  Two  nuclei  are  visible,  and  the  stained  material  may  be  seen  to  occupy 
a  similar  position  to  the  Golgi  apparatus  demonstrated  by  Kolatchev’s  method  in 
Fig.  4.  (Re-touched.)  From  Tarao  (1939). 

Fig.  6.  Golgi  preparation  of  cells  from  secretory  zone  of  adrenal  cortex  of  cat. 
From  Bennett  (1940). 

Fig.  7.  Golgi  preparations  of  zona  glomerulosa  cells  of  adrenal  of  cat.  From 
Bennett  (1940). 

Fig.  8.  Stages  in  secretion  of  zymogen  granules  m  the  pancreas.  (For  details  see 
text.)  The  second  cell  shows  the  passage  of  small  droplets  from  the  mitochondria 
to  the  Golgi  field.  From  Hirsch  (1939). 

Fig.  9.  The  staining  of  the  egg  of  Aplysia  by  various  techniques.  The  Speichef 
granula  may  represent  the  Golgi  material.  It  may  be  seen  that  these  granules 
react  with  neutral  red  and  appear  to  contain  vitamin  C.  From  Ries  (1937). 

Fig.  10.  Kidney  cells  of  rat  stained  with  trypan  blue  and  vitamin  C  reagent. 
Black  granules  can  be  seen  surrounded  by  a  grey  envelope,  which  in  the  actual 
preparations  is  stained  blue  by  trypan  blue.  From  Hirsch  (1939),  after  Tonutti. 

Fig.  11.  Vitamin  C  preparation  of  human  decidual  cell,  showing  localization  of 
vitamin  C  in  the  Golgi  region.  From  Giroud  (1938),  after  Tonutti  and  Plate. 

PLATE  3 

Fig.  1 :  o,  6,  c,  d,e,f,  g.  Golgi  apparatus  in  adrenal  cortical  cells  of  marsupials. 
h.  Golgi  apparatus  m  medullary  cell  of  opossum  adrenal.  (Re-touched  )  From 
Bourne  (1934).  a  and  6,  x  2,500;  c,  d,  e,f,  g,  x  1,200;  h,  x  1,800. 

X  ^  preparations  of  cortical  cells  of  rat  adrenal  (Re¬ 
touched.)  X  2,500.  ' 
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Fig.  4.  Vitamin  C  preparation  of  medullary  cell  of  rat  adrenal.  (Re-touched  ) 
X  2,900. 

Figs.  5  and  6.  Medullary  cells  from  ultracentrifuged  rat  adrenal  stained  to 
demonstrate  the  distribution  of  vitamin  C.  Most  of  the  granules  can  be  seen  to 
occupy  the  position  usually  taken  up  by  the  Golgi  apparatus  in  centrifuged 
adrenal  rnedullary  cells.  In  Fig.  5  some  vitamin  C  granules  are  in  the  same  region 
as  the  mitochondria.  The  chromatin  of  the  nuclei  is  centrifuged  to  one  end  of  the 
nucleus.  (Re-touched.)  Fig.  5,  X  2,500 ;  Fig.  6,  X  1,200. 

Figs.  7  and  8.  Cortical  cells  from  the  ultracentrifuged  rat  adrenal,  stained  to 
demonstrate  vitamin  C.  The  vitamin  granules  are  in  the  position  usually  taken 
up  by  the  Golgi  apparatus  in  ultracentrifuged  cortical  cells.  (Re-touched.)  x  1,800. 

PLATE  4 

Fig.  1.  Intestinal  cells  of  Ascan’s.  First  two  cells  20  minutes  after  feeding  with 
iron  sugar,  second  two  cells  30  minutes  after  feeding  with  iron  sugar.  The  first 
and  third  cells  are  stained  by  an  osmirnn  technique  to  demonstrate  the  Golgi  appa¬ 
ratus.  The  correspondence  between  these  two  preparations  shows  that  the  Golgi 
apparatus  plays  an  important  part  in  the  absorption  of  iron.  From  Hirsch  (1939). 

Fig.  2.  Golgi  apparatus  in  ameloblasts.  As  the  cells  commence  to  produce 
enamel  the  Golgi  apparatus  may  be  seen  to  reverse  its  position  in  the  cell.  From 
Hirsch  (1939),  after  Beams  and  King. 

Fig.  3.  Regression  of  the  Golgi  apparatus  in  a  neurone  after  section  of  its 
axone.  From  Hirsch  (1939),  after  Cajal. 

Fig.  4.  Association  of  Golgi  apparatus  with  secretion  droplets  in  the  sub¬ 
maxillary  gland  of  the  cat.  n  =  nucleus.  From  Bowen  (1926). 

Figs.  5  and  6.  Showing  hypertrophy  of  Golgi  apparatus  in  neurones  in  fowls 
suffering  from  beri-beri.  Fig.  5,  normal  cell;  Fig.  6,  cell  from  fowl  suffering 
from  beri-beri.  (Re-touched.)  After  Chang  (1932). 

Fig.  7.  Association  of  Golgi  apparatus  with  secretory  droplets  in  parotid  gland 
of  cat.  n  =  nucleus.  From  Bowen  (1926). 

PLATE  5 

Fig.  1.  Typical  morphology  of  the  Golgi  apparatus  in  the  neurone  of  a  healthy 
normal  albino  rat.  Note  the  thinness  of  the  anastomosing  strands  of  the  apparatus. 

Fig.  2.  Appearance  of  the  Golgi  apparatus  in  the  neurone  of  a  white  rat  killed 
3  hours  after  a  massiv'e  injection  of  morphine. 

Fig.  3.  Polymorphic  structure  of  the  Golgi  apparatus  in  the  neurone  of  a  white 
rat  killed  6  hours  after  a  massive  injection  of  morphine.  The  reticulum  has  com¬ 
pletely  disintegrated,  giving  rise  to  incomplete  ring-like  structures. 

Fig.  4.  Neurone  of  rat  at  same  stage  as  in  Fig.  3.  Ring-like  formations  of  the 
Golgi  apparatus  also  present. 

The  photomicrographs  for  this  plate  were  kindly  supplied  by  Dr.  E.  S.  Horning. 

PLATE  6 

Fig.  1.  Neurone  of  white  rat  killed  7  hours  after  a  massive  injection  of  mor¬ 
phine.  The  Golgi  apparatus  is  hypertrophied  and  fragmented. 

Fig.  2.  Neurone  of  white  rat  killed  8  hours  after  a  massive  injection  of  mor¬ 
phine.  The  Golgi  reticulum  is  disintegrated  through  the  body  of  the  cell. 

Figs.  3  and  4.  Neurone  of  white  rat  after  maasive  injection  of  morphine,  show¬ 
ing  morphological  variations  of  the  Golgi  apparatus. 

The  photomicrographs  for  this  plate  were  kindly  supplied  by  Dr.  E.  S.  Horning. 


CHAPTER  VII 


MICRO-INCINERATION  AND  THE  INORGANIC 
CONSTITUENTS  OF  CELLS 

By  B.  S.  HORNING 
i.  Introduction 

IN  1833  the  French  botanist  Francois-Vincent  Raspail”  demonstrated 
the  mineral  structure  of  plant  cells  by  subjecting  sections  of  plant 
epidermis  to  a  process  of  incineration  in  order  to  eliminate  the  organic 
matter.  Since  then  many  spasmodic  attempts  have  been  made  by  subse¬ 
quent  investigators  to  employ  this  method  as  a  cytological  procedure 
for  determining  the  inorganic  constituents  of  cells. 

No  significant  advances  were  made,  how'ever,  until  Liesegang^’  in 
1910,  by  selecting  less  primitive  apparatus  than  previous  workers,  de¬ 
scribed  in  incinerated  microscopical  sections  the  topographical  distribu¬ 
tion  of  heat-resistant  mineral  ash  of  blood  corpuscles  in  the  capillaries 
of  embryonic  fish  brains.  He  likewise  described  the  ashed  remains  of 
such  delicate  structures  as  the  retina  in  the  developing  eye,  optic  nerves, 
and  individual  neurones.  Then  followed  the  work  of  Herrera^®  in  1914, 
who  applied  micro -incineration  to  a  study  of  various  zoological  and 
botanical  problems.  A  few  years  later  studies  with  this  technique  were 
extended  by  Naumann^’,  PrenanU®,  and  Molisch®^.  Although  these 
workers  stressed  the  possibilities  of  incineration  as  a  microscopical 
method,  their  investigations  met  with  only  moderate  success  until 
another  Frenchman,  A.  Policard®^,  in  1923  made  considerable  improve¬ 
ments  in  the  technique.  Policard  introduced  a  suitable  fixing  solution 
and  an  electric  quartz  furnace  by  which  the  incineration  process  could 
be  more  adequately  controlled.  Scott®^  subsequently  added  several 
modifications  to  Policard’s  technique,  amongst  which  w'as  the  examina¬ 
tion  of  incinerated  preparations  by  dark  field  instead  of  oblique  illumi¬ 
nation.  These  modifications  established  a  technique  by  which  the 
inorganic  residues  of  microscopical  sections  could  be  compared  with 
stained  control  paraffin  sections  to  a  remarkable  degree  of  accuracy. 
The  failure  of  previous  workers  had  been  due  to  their  inability  to 
find  a  suitable  fixing  fluid  and  devise  a  controlled  method  of  incinera¬ 
tion. 

When  these  preliminary  technical  difficulties  had  been  overcome, 
many  workers  were  at  once  attracted  by  this  novel  microscopical  tech¬ 
nique,  and  it  was  enthusiastically  applied  to  an  examination  of  material 
covering  a  wide  biological  field.  Formerly  the  only  available  method 
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of  determining  the  inorganic  contents  of  cells  was  by  a  chemical  analysis 
of  tissues  in  bulk — a  technique  hardly  adaptable  for  bacteria,  inclusion 
bodies,  protozoa,  and  other  individual  cell  types.  Papers  describing  the 
mineral  components  of  inclusion  bodies  associated  with  certain  virus 
diseases,  bacteria,  and  protozoa  soon  appeared,  while  pathologists  hke- 
wise  applied  micro-incineration  to  an  extensive  study  of  normal  and 
diseased  tissues. 

One  advantage  of  incineration  is  that  it  permits  a  microscopic  exami¬ 
nation  of  the  relative  topographical  distribution  of  mineral  ash  within 
individual  cells,  giving  an  indication  of  its  probable  distribution  in  the 
living  tissues  and  organs  of  the  body®^.  Certain  technical  difficulties 
occur,  however,  owing  to  the  exceedingly  small  concentrations  of  the 
inorganic  residues  involved  in  thin  sections  suitable  for  microscopical 
examination.  The  main  problem  confronting  investigators  has  been  to 
discover  analytical  means  by  which  quantitative  and  quahtative  estima¬ 
tions  of  the  inorganic  constituents  of  incinerated  sections  could  be 
determined. 

From  1928  onwards  the  optical  appearance  of  certain  heat-resistant 
minerals  in  incinerated  preparations  examined  in  dark  field,  polarized 
and  ultraviolet  light,  was  recorded.  This  method,  frequently  used  in 
conjunction  with  microchemical  tests,  was  in  some  respects  unsatisfac¬ 
tory  and  uncritical.  It  became  obvious  from  the  numerous  papers  pub¬ 
lished  at  that  time  that  the  interpretation  of  the  visual  appearances  of 
the  minerals  forming  the  ashed  residues  was  hardly  sufficient  to  estab¬ 
lish  their  chemical  identities.  The  possibility  of  complex  combination 
of  the  inorganic  salts  occurring  during  the  incineration  of  the  tissues 
was  apparently  not  fully  appreciated.  Such  limitations  of  micro-in¬ 
cineration  as  a  histochemical  technique  were  stressed  by  Scott®^  in  a 
critical  review  pubhshed  in  1933  and  later  in  1943.  Nevertheless,  even 
without  accurate  chemical  identification  of  ash  residues,  many  interest¬ 
ing  observations  resulting  from  the  use  of  micro -incineration  have  been 
recorded,  which  wiU  form  the  subject  of  a  later  discussion. 

It  was  realized  that  if  quantitative  and  qualitative  means  of  identify¬ 
ing  the  inorganic  constituents  of  cells  and  tissues  could  be  discovered, 
an  entirely  new  approach  to  cell  physiology  could  be  made.  Researches 
in  this  direction  were  undertaken  with  the  aid  of  the  electron  micro¬ 
scope,  spectrographic  analysis,  and  a  photo-electric  process.  So  far  the 
most  promising  results  were  obtained  in  1939  by  the  successful  and  in¬ 
genious  application  of  a  modification  of  the  electron  microscope,  by 
which  Scott  and  Packer^®^  have  succeeded  in  localizing  mineral  elements 
in  situ  in  ashed  tissue  sections. 

A  short  account  of  the  technique  of  micro -incineration,  its  application 
to  biological  and  pathological  problems,  and  a  survey  of  the  results 
obtained  will  now  be  undertaken. 
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ii.  Technique  of  Micro-incineration 
a.  Methods  of  Fixation 

The  most  universal  and  convenient  method  of  fixing  fresh  tissues  for 
micro-incineration  is  that  originally  described  by  Scott®^,  in  which  small 
pieces  of  tissues  are  fixed  for  24  hours  in  a  solution  containing  9  volumes 
of  absolute  alcohol  to  1  volume  of  neutral  commercial  formalin.  In  order 
to  ensure  complete  dehydration  and  to  remove  the  formahn,  all  material 
is  then  passed  through  several  changes  of  absolute  alcohol,  prior  to  clear¬ 
ing  in  xylol  and  embedding  in  paraffin.  Absolute  alcohol  was  selected 
as  a  fixative,  since  very  few  of  the  inorganic  constituents  common  to 
protoplasm  are  soluble  to  any  great  extent  in  this  fluid.  Owing  to  the 
fact  that  absolute  alcohol  is  such  a  poor  histological  fixative,  and  in  order 
to  minimize  cell  distortion,  formalin  was  added  to  the  alcohol.  Scott®^ 
found  that  analysis  of  the  formol-alcohol  solution,  subsequent  to  its  use 
for  the  routine  fixation  of  tissues,  failed  to  give  any  positive  reactions 
for  K,  Na,  Mg,  or  Ca.  It  may  be  assumed,  therefore,  that  the  fixation 
process  does  not  extract  appreciable  amounts  of  inorganic  substances 
before  incineration,  although  it  is  possible  that  during  the  penetration 
of  the  fixative  some  shift  in  the  localization  of  individual  inorganic 
substances  may  occur  in  the  cells  and  tissues. 

According  to  Alexander  and  Myerson^  tissues  that  have  been  preserved 
for  several  weeks,  either  in  10  per  cent,  formalin  alone  or  in  95  per  cent, 
alcohol,  can  be  used  for  incineration,  but  they  report  that  less  brilliant 
ash  preparations  were  obtained.  Distortion  owing  to  tissue  shrinkage 
was  commonly  found.  Gage^^  advised  fixation  in  a  3  per  cent,  aqueous 
solution  of  potassium  bichromate  with  the  addition  of  10  per  cent, 
neutral  formalin,  and  suggests  even  the  use  of  Helly’s  fluid.  Washing 
the  material  in  running  tap-water  and  repeated  immersion  in  70  per 
cent,  alcohol  is  required  to  remove  the  chromium.  Experience  has  shown 
that  fixation  in  either  of  the  above  solutions  fails  to  give  results  as  good 
as  those  obtained  by  the  use  of  alcohol-formalin.  For  obvious  reasons 
it  is  advantageous  to  avoid  aqueous  fixing  fluids  containing  either  chro¬ 
mium  or  mercury  when  preparing  tissues  for  micro -incineration. 

Alexander  and  Myerson^  recommend  the  use  of  frozen  sections  of  fresh 
material  no  thicker  than  10/x,  provided  the  sections  are  passed  through 
graded  alcohols  and  ether  prior  to  incineration.  This  technique  is  also 
employed  by  RoddyS^  Tissues  containing  soluble  or  diffusible  salts 
are  sectioned  by  the  freezing  microtome  and  placed  in  xylol,  prior  to 
mounting  on  Corex  D  slides  which  have  previously  been  filmed  with 

^^^.erial,  on  the  other  hand,  which  contains  soluble 
or  ffiffusible  salts  is  first  fixed  in  10  per  cent,  formalin  prior  to  sectioning 
and  mounting  in  ethyl  alcohol.  Although  this  method  is  time-saving  and 
can  be  carried  out  in  under  1  hour,  it  is  difficult  to  control  the  thickness 
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of  frozen  sections,  and  the  subsequent  loss  or  distortion  of  the  soluble 
inorganic  salts  by  treatment  with  low-grade  alcohols  must  result  in  loss 
of  detail  after  ashing.  This  method,  however,  is  convenient  for  a  rough 
quantitative  estimation  of  ash  distribution  in  pathological  preparations. 

The  Altmann-Gersh  freezing-drying  technique  undoubtedly  has 
proved  the  most  successful  method  for  the  preparation  of  thin  sections 
of  animal  tissues  suitable,  for  micro-incineration.  In  fact  by  this  pro¬ 
cess,  which  has  been  modified  by  Gersh^^,  Bensley  and  Gersh'^,  and 
others,  it  has  been  possible  to  make  most  important  contributions  to 
the  study  of  cytology  as  a  whole.  Among  its  many  advantages  are  the 
instantaneous  method  of  fixation  and  the  sudden  cessation  of  all  meta¬ 
bolic  activities  and  shifting  of  substances  within  the  cells  and  tissues 
immediately  before  the  fixation  process  is  carried  out^^.  The  technique 
permits,  moreover,  the  preservation  of  mitochondria  and  other  cyto¬ 
plasmic  inclusions,  and  also  of  vitally  stained  preparations  which  are 
so  often  difficult  to  preserve  in  routine  fixing  solutions.  The  absence  of 
cell  shrinkage  and  no  appreciable  diffusion  or  displacement  of  the  cell 
constituents  make  the  technique  very  desirable  for  combination  with 
micro  -incineration . 

In  1932  Gersh24  developed  the  Altmann  method  of  freezing  animal 
tissues  with  liquid  air  and  of  subsequently  drying  them  in  vacuo  at  low 
temperatures.  In  the  dried  state  such  material  is  suitable  for  cutting 
hand-sections  or  for  direct  infiltration  with  paraffin  so  that  the  sections 
are  prepared  from  material  w'hich  has  not  come  into  contact  with  any 
of  the  reagents  and  solvents  commonly  used  in  microscopical  tech¬ 
niques.  An  experimental  analysis  of  the  Altmann  technique  of  freezing¬ 
drying  has  been  published  more  recently  by  Simpson^®^.  Scott®^  was  one 
of  the  first  to  apply  this  method  in  conjunction  with  micro-incineration. 
He  found,  however,  that  while  tissues  treated  by  the  Altmann-Gersh 
technique  produced  an  ash  residue  showing  cytological  structure,  the 
results  were  not  comparable  with  those  obtained  by  the  routine  alcohol- 
formalin  fixation.  While  at  the  University  of  Chicago  the  author  had 
the  opportunity  of  making  a  similar  comparison,  and  confirmed  Scott’s 
statement.  Scott  also  found  that  the  distribution  of  inorganic  salts,  as 
seen  in  incinerated  tissue  sections,  varied  according  to  the  tempera¬ 
ture  of  dehydration.  At  that  time  Gersh^^  recommended  that  for  histo¬ 
logical  purposes  tissues  should  be  dehydrated  at  --20°  C.  Scott  pointed 
out  that  the  temperature  selected  by  Gersh  as  suitable  for  carrying^imt 
dehydration  of  the  frozen  tissues  was  above  the  eutectic  point  (—21  C.) 
of  such  universally  distributed  salts  as  sodium  chloride.  It  was  also 
found  that  freezing  by  liquid  air  produces  in  tissue  cells  a  solid  mass  of 
ice  crvstals  in  equilibrium.  Disturbance  of  this  equilibrium  by  warimng 
the  frozen  tissues  above  eutectic  point  would  lead  to  diffusion  and  shdt- 
ing  of  ions  during  the  period  of  dehydration.  Scott^«  then  showed  that 
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this  objection  might  be  overcome  by  dehydrating  tissues  at  tempera¬ 
tures  ranging  from  — 38°  C.  to  — 78°  C.  The  incineration  of  sections 
from  this  material  yielded  results  closely  comparable  with  those  ob¬ 
tained  by  alcohol-formalin  fixation.  Further  experiments  led  Scott®®  to 
recommend  the  use  of  alcohol  chilled  to  — 177°  C.  instead  of  liquid  air. 
More  recently  Hoerr®^  has  confirmed  the  fact  that  the  rapidity  with 
which  tissues  are  frozen  determines  the  quality  of  the  cytological  fixa¬ 
tion.  He  has  stated  that  ‘if  the  tissue  is  not  frozen  at  the  optimum  rate, 
so  much  of  the  free  water  in  the  tissue  may  freeze  out  that  the  tissue  is 
blown  up  by  large  ice  crystals  and  after  drying  presents  an  extremely 
vacuolated  appearance’.  Hoerr  recommended  more  rapid  freezing  of 
tissues  by  means  of  pentane  chilled  to  —131°  C.,  or  iso-pentane  chilled 
to  —195°  C.,  followed  by  dehydration  at  a  temperature  of  —30°  C.  He 
criticized  Scott’s  use  of  chilled  alcohol  on  the  ground  that  alcohol  at 
— 177°  C.  is  so  viscous  that  the  freezing  is  not  as  rapid  as  that  obtained 
by  the  use  of  pentane.  In  addition,  it  was  showm  to  be  advantageous  to 
allow  tissues  to  warnl  up  very  slowly  after  the  initial  freezing  to  the 
temperature  of  dehydration. 

Scott  and  Packer^®®  expressed  the  opinion  that,  provided  material  is 
previously  prepared  by  the  pentane  modification  of  the  freezing-de¬ 
hydration  method,  there  exists  little  chance  of  ‘any  perceptible  shift  in 
the  cellular  location  of  the  inorganic  constituents’.  Their  opinion  w^as 
based  upon  tissues  examined  by  the  electron  microscope  after  incinera¬ 
tion.  More  recently  Scott®®  has  returned  to  the  use  of  liquid  air  and, 
provided  the  material  is  dehydrated  in  vacuo  at  —63°  C.  and  subse¬ 
quently  infiltrated  with  water-free  paraffin,  it  was  concluded  that  no 
appreciable  shift  occurred  in  the  inorganic  salts,  the  addition  of  water 
from  external  sources  having  been  eliminated. 

Attempts  to  apply  the  freezing-drying  technique  to  plant  tissues  did 
not  give  satisfactory  cytological  results  at  first.  The  majority  of  plant 
cells  possess  higher  mineral  salt  concentrations  and  their  water  content 
is  higher  than  in  animal  cells.  Goodspeed  and  Uber^®  introduced  new 
modifications  of  the  technique  to  overcome  these  difficulties,  and  they 
recommended  particularly  a  slower  rate  of  dehydration  for  plant  tissues. 


6.  Micro -incineration 

In  order  to  obtain  the  most  satisfactory  cellular  details  in  ash  resi¬ 
dues,  sections  should  be  no  thicker  than  5  p.  Series  of  sections  should 
be  cut  m  which  alternate  ones  are  kept  for  incineration,  the  remainder 
bemg  mounted  and  stained  in  the  routine  manner  for  controls.  Only 
the  best-quality  glass  slides  are  suitable  for  mounting  sections  for 
incineration.  The  sections  should  be  smoothed  out  by  using  either 
absolute  alcohol  or  liquid  petrolatum.  Care  must  be  taken  to  avoid 
contact  with  water,  which  might  involve  a  loss  or  disarrangement  of 
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the  soluble  inorganic  salts.  The  contamination  of  sections  by  dust  must 
be  avoided. 

The  glass  shdes,  on  which  the  sections  are  mounted,  are  placed  on 
small  quartz  plates  (see  Plate  1,  Fig.  1),  which  lie  horizontally  in  the 
furnace.  One  type  of  electric  quartz  furnace  recommended  is  illustrated 
on  Plate  1.  A  series  of  calibrations  on  the  rheostat  are  used  to  mark 
a  range  of  temperatures  suitable  for  different  types  of  material.  Al¬ 
though  Tschopp”'  advises  passing  oxygen  through  the  furnace  during 
the  incineration,  and  Schultz-Brauns®®  employs  nitrogen,  the  air  cur¬ 
rents  set  up  by  the  heating  of  the  quartz  tube  appear  to  be  sufficient 
to  provide  ample  oxygen  for  incineration.  The  use  of  gases  enables 
incineration  to  take  place  at  lower  temperatures,  whereby  the  greater 
proportion  of  chlorides  in  the  ash  may  be  retained.  Policard®®  for  this 
reason  has  used  a  mixture  of  nitrogen  together  with  a  small  concentra¬ 
tion  of  oxygen  in  order  to  bring  about  a  more  rapid  oxidation.  Provided 
the  preparations  are  not  incinerated  too  rapidly,  satisfactory  results  are 
nearly  always  obtained  by  burning  in  air.  The  temperatures  required 
to  burn  off  organic  matter  vary  with  different  tissues.  Thus,  certain 
types  of  neoplastic  growths  (tar  tumours  in  particular)  and  mammary 
glands  fixed  during  functional  activity  remain  carbonized  longer  than 
the  majority  of  normal  tissues.  Protozoa  and  tissue  cultures  incinerate 
very  rapidly.  Oenerally  speaking,  the  incineration  of  normal  tissues 
should  extend  over  periods  ranging  from  45  to  55  minutes,  during  which 
the  temperature  should  be  increased  by  approximately  70°  C.  every  5 
minutes  to  reach  a  maximum  temperature  of  650°  C.  Tissues  containing 
high  concentration  of  collagen  or  elastic  fibres  tend  to  shrink  when  the 
temperature  is  first  raised  to  70°  (J.,  but  this  can  be  avoided  if  the  rise 
in  temperature  is  spread  over  a  longer  period.  Similarly,  thin  sections 
of  brain  recpiire  a  more  gradual  rise  in  temperature  during  incineration, 
to  avoid  distortion.  Scheid®®  has  found  that  thick  brain  sections  in¬ 
cinerate  more  successfully  if  the  phospholipids  are  finst  extracted  with 
suitable  solvents. 

Scott has  described  a  type  of  micro-incinerator  which  is  a  modifica¬ 
tion  of  the  one  already  described,  and  which  appears  to  have  several 
advantages.  His  furnace  consists  of  a  24-inch  quartz  tube  with  differen¬ 
tially  heated  .segments.  The  sections  for  incineration  are  carried  through 
the  (juartz  tube”on  a  slowly  moving  automatic  trough.  The  first  segment 
■  is  heated  to  8()°  C.  to  drive  off  water  and  the  most  volatile  constituents 
of  the  tissues,  the  second  is  heated  to  :h)0°  0.,  and  the  third  segment 
to  600°  P.  The  slides  pass  through  the  24-inch  tube  in  about  35  minutes, 
d’he  advantages  are  that  several  slides  can  be  incinerated  at  the  same 
time,  and  that  all  slides  receive  the  same  heat  treatment. 

W’heii  the  incineration  is  completed,  the  slides  are  allowed  to  cool 
slowly  before  removal  from  the  furnace.  A  cover-slip  is  then  placed 
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over  the  ashed  preparations,  the  edges  of  which  are  sealed  with  warm 
paraffin,  thus  permitting  the  use  of  an  oil-immersion’  objective  if 
required.  The  sealing  also  prevents  the  absorption  of  moisture  and 
efflorescence  of  the  ash.  The  incinerated  sections  should  be  examined 
at  once  by  direct  illumination  to  ensure  that  complete  incineration  has 
I  been  achieved.  Carbon  appears  black  or  brownish  by  transmitted  light, 

[  and  consequently  areas  in  a  section  which  have  not  been  completely 
incinerated  can  be  easily  detected.  The  ash  distribution  of  the  incine¬ 
rated  section  is  then  viewed  by  dark  field  illumination.  With  this  method 
the  contours  and  relative  densities  of  the  ash  are  revealed  with  remark¬ 
able  brilliance.  A  dark  field  condenser,  allowing  a  rapid  change  from 
I  dark  field  to  direct  illumination,  will  be  found  useful  for  the  examina¬ 
tion  of  the  incinerated  sections  and  the  stained  control  preparations. 
High -power  investigation  of  ashed  sections  can  be  undertaken  w'ith  an 
apochromatic  homogeneous  oil-immersion  objective,  provided  an  iris 
diaphragm  is  fitted  within  it. 

Two  kinds  of  microscope-incinerators  have  been  described  by  Uber 
and  Goodspeed^i^^  and  Godlewski^s,  which  permit  continuous  observa¬ 
tion  of  the  sections  during  the  process  of  incineration.  The  former 
authors  employed  their  apparatus  for  recording  observations  of  the 
behaviour  of  sections  of  plant  tissues  during  the  burning  process.  This 
instrument  consisted  of  a  25  X  50  mm.  aluminium  slide  chamber,  wound 
with  resistance  wire,  in  which  temperatures  reaching  a  maximum  of 
650°  C.  were  attained.  Temperatures  were  read  by  means  of  a  chromel- 
alumel  thermocouple.  A  simple  doublet  lens  formed  a  window  which 
constituted  the  microscope,  giving  a  magnification  of  X  200,  according 
to  the  ocular  employed.  By  this  ingenious  method  they  were  able  to 
determine  at  which  temperature  carbonization  and  the  maximum 
shrinkage  of  plant-tissue  sections  occurred. 

The  apparatus  described  by  Godlewski^^  allows  continuous  observa¬ 
tion  of  a  section  by  transmitted  light  during  the  incineration  process, 
at  a  magnification  of  about  250  diameters.  A  small  incinerator  attached 
to  the  microscope  stage  is  used  for  animal  tissue  sections  in  combina¬ 
tion  with  two  glass  cooling-chambers.  One  of  these  is  made  to  insulate 
the  incinerator  from  the  microscope  stage,  and  the  other  surrounds  the 
objective,  moving  with  it  so  that  the  lens  can  be  lowered  to  within  its 
normal  working  distance  despite  the  high  temperature  of  the  section. 
Mounted  on  a  mica  sheet,  and  held  in  a  frame,  the  section  is  inserted 
into  the  incineration  chamber  so  that  it  lies  just  above  a  mica  strip,  on 
which  is  wound  a  wire-heating  element  of  Kanthal  A  alloy.  The  cooling- 
chamber  encasing  the  objective  is  made  of  glass  except  for  a  small  mica 
window  sealed  into  its  base.  Water  is  circulated  through  the  chamber 
so  that  the  lens  and  its  mount  are  kept  cool,  as  well  as  the  mica  window 
interposed  between  the  lens  and  the  section.  The  fight  necessary  for 
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microscopical  observation  passes  from  the  substage  condenser,  through 
the  heating  element,  and  so  through  the  section,  the  mica  window,  and 
the  water,  to  the  objective. 

With  this  apparatus  it  is  possible  to  view  the  section  at  aU  stages  of  in¬ 
cineration  while  the  temperature  is  rising  and  so  to  detect  changes  such  as 
melting,  fusion,  cracking,  or  gross  movements  of  the  substance  of  a  section 
before  it  carbonizes  and  is  ultimately  reduced  to  an  inorganic  residue. 

Direct  observations  of  sections  during  incineration  by  the  methods 
just  described  do  not  suggest  that  any  serious  shifting  in  mineral  salts 
occurs  during  the  burning  process.  This  evidence  is  supported  by 
Scott^®,  who  states  that  motion-pictures  of  incinerating  sections  of 
skeletal  muscle  and  of  anterior  horn  cells  taken  at  a  magnification  of 
700  to  800  failed  to  reveal,  when  projected  on  a  screen,  any  mechanical 
shifts  of  the  inorganic  constituents  during  incineration. 

Policard®’,  however,  is  of  the  opinion  that  the  ultramicroscopic  struc¬ 
ture  of  the  substances  in  a  paraffin  section  must  influence  the  form  the 
ash  finally  takes  on  completion  of  the  incineration  process;  whether,  for 
instance,  coarse  or  fine  granules,  or  diffuse  deposits,  are  left  in  such  areas 
as  the  nucleus  or  cytoplasm.  Moreover,  during  heating  and  charring  it 
is  clear  from  the  examination  of  relatively  simple  structures  like  red 
blood  corpuscles  that  the  way  in  which  the  material  adheres  to  the  glass 
slide  is  also  very  important,  because  retraction  of  fragments  during  heat¬ 
ing  will  partly  determine  the  form  of  the  final  ash.  The  ideal  method 
of  incineration  would  be  to  have  the  section  so  securely  stuck  to  the 
slide  that  the  initial  heating  could  cause  little  or  no  movement  of  the 
organic  materials  up  to  the  end-point  of  incineration. 

iii.  The  Identification  of  Heat-resistant  Minerals 
IN  Micro-incinerated  Sections 

The  precise  chemical  identification  of  inorganic  substances  in  situ, 
within  individual  incinerated  cells,  has  proved  the  most  difficult  aspect 
of  the  technique.  Unfortunately,  the  inorganic  ions  in  cells  often  form 
complex  combinations  with  organic  substances,  and  doubtless  certain 
complex  chemical  reorientations  must  occur  during  the  process  of 
incineration.  Moreover,  it  has  been  calculated  that  calcium,  for  instance, 
is  present  in  the  order  of  1  X  lO-^^  grammes  per  cell  of  1,000  cubic  /a®®. 
Such  a  minute  concentration  falls  outside  the  limits  of  many  histo- 
chemical  tests.  Recent  analytical  methods,  which  are  still  in  an  experi¬ 
mental  phase,  however,  have  begun  to  yield  promising  results. 

Qualitatively,  there  are  two  methods  for  the  identification  of  inorganic 
substances  in  ashed  material.  The  first,  which  has  been  mentioned 
already,  deals  with  the  visual  appearances  of  the  ash  residues  as  seen 
by  direct  and  dark  field  illumination.  The  second  involves  the  applica¬ 
tion  of  the  electron  microscope,  which  has  recently  been  modified  for 
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the  special  purpose  of  examining  incinerated  preparations.  The  latter 
method  obviously  provides  a  more  critical  means  of  analysis. 

a.  Optical  Differentiation 

The  optical  method  of  identifying  the  inorganic  constituents  of  in¬ 
cinerated  sections,  according  to  their  visual  appearances  when  observed 
by  dark  field,  or  polarized  or  ultraviolet  fight,  should  be  used  with 
caution.  Of  those  substances  present  in  the  ash  in  the  form  of  oxides 
only  calcium,  iron,  and  silica  can  be  recognized  with  any  degree  of 
certainty.  Calcium  and  magnesium  compounds  give  a  white,  amorphous 
ash,  and  there  are  no  means  of  differentiating  one  from  the  other  by 
their  optical  appearances  in  dark  field.  The  presence  of  calcium  oxide 
can  be  detected  by  the  gypsum  reaction  previously  described  by 
Moreau^®.  Silica  is  present  as  a  silico-calcareous  compound.  It  can  be 
recognized  by  its  crystalline  appearance  and  by  double  refraction  when 
viewed  by  polarized  fight.  The  colour  of  iron  oxide  is  sufficiently  intense 
in  some  incinerated  sections  to  give  the  ash  in  which  it  is  mixed  a 
yellow  or  reddish  tinge.  Deep  red  coloration,  according  to  Policard®^, 
indicates  the  presence  of  free  iron.  Before  the  presence  of  iron  can  be 
assumed  with  any  degree  of  accuracy  it  is  essential  first  to  examine  the 
preparation  by  transmitted  fight,  since  any  carbon  residues  may  yield 
colour  values  similar  to  those  of  ferric  oxide  when  viewed  in  dark  field 
illumination. 

Poficard  and  Okkels^^  have  claimed  to  detect  the  presence  of  uranium 
salts  in  incinerated  sections  from  animals  previously  poisoned  by  ura¬ 
nium,  by  means  of  their  fluorescence  in  ultraviolet  fight.  Since  ex¬ 
tremely  small  amounts  of  impurities  other  than  uranium  often  give  a 
fluorescence,  the  identification  of  uranium  by  visual  appearances  is  open 
to  error.  Poficard  and  Pillet’®  have  attempted  to  identify  the  chlorides 
of  sodium  and  potassium  in  tissue  sections  by  converting  these  com¬ 
pounds  into  sulphates  before  incineration.  They  exposed  sections  to 
the  action  of  sulphuric  anhydride,  with  the  result  that  the  sulphates 
formed  in  the  tissues  could  be  identified  in  the  ash  after  micro-incinera¬ 
tion.  In  the  case  of  lead  introduced  into  tissues  and  organs  of  experi¬ 
mental  animals,  Okkels^s  used  hydrogen  sulphide  to  form  lead  sulphide 
from  the  ash  residues.  The  black  particles  of  lead  sulphide  are  visible  by 
transmitted  fight,  but  it  should  be  noted  that  the  identification  of  this 
substance  can  easily  be  confused  with  carbon  deposits  remaining  in  the 
preparation  as  the  result  of  incomplete  incineration. 

b.  The  Electron  Microscope 

Busch8>9  first  described  the  principles  of  the  electron  microscope, 
which  was  subsequently  modified  for  use  in  biological  research.  The 
contributions  of  the  electron  microscope  to  medical  research  have  been 
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reviewed  recently  by  Zworykin,  Morton,  Ramberg,  Hillier,  and  Vance^^®. 
The  most  important  technical  improvements  were  achieved  by  Ruska®^ 
in  1933,  the  power  of  magnification  being  increased  to  12,000  diameters 
by  the  use  of  two  magnetic  Tenses’  (iron-encased  magnetic  spools).  In 
1935  Martin,  Parnum,  and  Speak®®  modified  the  electron  microscope  for 
biological  research  by  constructing  an  instrument  w’hich  permitted  the 
object  to  be  viewed  simultaneously  with  an  ordinary  microscope.  The 
magnifications  obtained  by  this  instrument  were  somewhat  lower  than 
those  obtained  by  Ruska.  It  is  now  possible,  with  the  more  recent 
models,  to  examine  biological  material  at  a  magnification  of  35,000 
diameters^^®  on  the  fluorescent  screen  of  the  microscope,  and  up  to 
100,000  times  by  optical  enlargements. 

McMillen  and  Scott®®  in  1937  succeeded  in  designing  an  electron 
microscope  capable  of  being  adapted  for  the  identification  of  certain 
mineral  elements  present  in  ashed  tissue  sections.  The  lens  of  their 
instrument  was  a  short  iron-encased  spool  similar  to  that  described  by 
KrolP®.  A  further  modification  was  described  by  Scott  and  Packer^®"* 
two  years  later. 

When  metals  or  metallic  compounds  are  heated  in  vacuo,  streams  of 
electrons  are  emitted.  The  electron  microscope  makes  use  of  such  a 
beam  of  electrons  in  an  evacuated  tube  instead  of  light  rays,  as  in  the 
case  of  the  optical  microscope.  By  employing  suitable  magnetic  fields 
placed  at  different  points  along  the  length  of  the  evacuated  tube,  it  is 
possible  to  focus  the  electron  beam  in  such  a  way  that  an  image  is  pro¬ 
duced  on  a  fluorescent  screen  at  the  end  of  the  tube.  The  magnetic 
fields  act  as  Tenses’  and,  in  the  same  way  that  the  focal  length  of  an 
optical  system  depends  upon  the  wave-length  of  light,  so  does  the  focal 
length  of  a  magnetic  lens  vary  with  the  wave-length  of  the  electrons. 
In  order  to  obtain  a  magnified  image  of  a  tissue  section  by  the  electron 
microscope,  the  electron  beam  can  be  made  to  originate  from  the 
minerals  of  the  actual  section  itself,  or  electrons  from  another  source 
can  be  directed  through  a  tissue  section  before  coming  under  the  in¬ 
fluence  of  the  magnetic  lenses,  to  fall  finally  on  the  fluorescent  screen. 
The  number  of  electrons  emitted  by  minerals  under  these  conditions 
varies  with  the  temperature  and  the  type  of  compound.  Hence  it  is 
possible  to  distinguish  inorganic  substances  by  their  differential  emis¬ 
sion  of  thermally  excited  electrons. 

Scott  and  Packer^®®  in  preliminary  tests  showed  that  they  could 
differentiate  between  the  different  emissions  produced  in  a  complex 
mixture  of  metallic  salts,  such  as  exists  in  ashed  sections.  Minute 
amounts  of  metallic  salts  which  were  placed  on  the  cathode  could  be 
readily  identified  on  the  fluorescent  screen.  Numerous  similar  experi¬ 
ments  were  repeated  under  a  variety  of  conditions,  after  which  it  was 
found  that  all  salts  present  in  the  test  samples,  with  the  exception  of 
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iron,  produced  a  recognizable  emission.  The  most  brilliant  images  on 
the  fluorescent  screen  were  obtained  from  calcium  and  magnesium. 
Tests  were  likewise  carried  out  which  more  nearly  approached  the  condi¬ 
tions  existing  in  tissue  sections.  A  solution  of  ashless  gelatine  impreg¬ 
nated  in  separate  areas  by  saturated  solutions  containing  calcium, 
magnesium,  iron,  sodium,  and  potassium  chlorides  was  hardened  in  10 
per  cent,  formalin  prior  to  dehydration  in  alcohol  and  embedding  in 
paraffin.  Sections  of  10/x  were  cut  and  immediately  placed  on  a  coated 
cathode.  After  heating  slowly  for  a  period  of  90  minutes  the  cathode 
was  raised  to  a  temperature  sufficiently  high  for  the  emission  of  elec¬ 
trons.  With  the  exception  of  iron  all  the  chlorides  could  be  identified 
on  the  fluorescent  screen,  the  brightest  images  again  being  obtained  in 
the  case  of  calcium  and  magnesium. 

Before  proceeding  to  identify  mineral  substances  in  tissues  by  the 
electron  microscope,  Scott  and  Packer^®*  treated  all  material  by  the 
modified  Altmann-Gersh  frozen-dehydration  technique.  Sections  from 
the  frozen-dried  material  were  cut  at  lOp-  and  placed  on  a  nickel  cathode, 
which  had  first  been  coated  with  a  mixture  of  40  per  cent,  barium  and 
60  per  cent,  strontium  carbonates  carried  in  a  2  per  cent,  solution  of 
nitrocellulose  in  amyl  acetate.  The  cathode  coating  was  allowed  to  dry 
before  the  tissue  sections  were  attached.  This  coating  brings  about  an 
‘activation’  phenomenon  whereby  sufficient  electrons  are  emitted  to 
give  adequate  contrast  in  the  image.  After  attaching  the  section  by 
flattening  it  on  the  surface  of  the  coated  cathode,  the  vacuum  pumps 
were  set  in  motion  and,  when  a  suitable  vacuum  had  been  obtained, 
the  filament  current  was  switched  on  to  heat  up  the  cathode  and  bring 
about  a  gradual  incineration  of  the  seetion.  The  heating  period  lasted 
for  about  an  hour®^  Following  successful  incineration,  the  high  voltage 
and  lens  currents  were  then  switched  on  and  the  electron  image  of  the 
object  was  produced  on  the  fluorescent  screen. 

By  this  ingenious  technique  Scott  and  Packer^®^  have  so  far  been  able 
to  obtain  emission  pictures  showing  remarkable  structural  and  cellular 
detail,  due  to  the  presence  of  magnesium  and  calcium  in  the  ashed 
preparations.  These  authors  state  that  by  a  further  modification  of  the 
instrument  they  should  be  able  to  localize  sodium  and  potassium,  which 
at  present  are  both  lost  from  the  tissue  section  during  the  initial  heating 
and  before  the  electron  image  is  obtained.  When  further  teehnical 
modifications  of  this  instrument  permit  the  identification  of  other 
mineral  elements,  a  great  advance  in  histochemistry  will  have  been 
achieved.  In  fact,  the  successful  adaptation  of  the  electron  microscope 
to  a  mineral  study  of  biological  tissues  opens  up  an  almost  unlimited 
field  for  future  cytological  research.  The  relative  qualitative  changes 
of  the  inorganic  constituents  during  cellular  differentiation  in  the  de¬ 
veloping  organism,  some  details  of  which  have  already  been  indicated 
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by  ordinary  micro-incineration  methods,  are  lines  of  investigation  to 
which  this  new  technique  might  be  applied  with  important  results. 
Likewise,  the  study  of  the  changes  in  mineral  substances  associated  with 
various  diseases  opens  up  a  new  field  for  the  experimental  pathologist. 
The  determination  of  qualitative  mineral  changes  in  situ,  within  indi¬ 
vidual  cells,  would  give  the  cytologist  an  insight  into  the  role  which  the 
inorganic  constituents  play  in  health  and  disease. 

c.  Spectrographic  Analysis 

Histo-spectrography,  by  means  of  which  small  areas  of  tissues  are 
subjected  to  spectrographic  analysis,  has  been  developed  by  Policard 
and  MoreP®,  Gerlach  and  Gerlach^^,  Benoit®,  and  others.  This  technique 
has  been  used  in  conjunction  with  micro-incineration  for  ascertaining 
the  mineral  elements  present  in  microscopic  areas  of  incinerated  tissues. 
By  passing  a  high-frequency  spark  through  a  selected  area  of  tissue, 
and  analysing  the  rays  emitted  with  a  quartz  spectrograph,  a  spectro¬ 
gram  is  obtained  which  reveals  lines  characteristic  of  the  mineral  ele¬ 
ments  volatihzed  by  the  spark  as  it  passes  through  a  selected  area  of  the 
tissue  section.  Scott  and  Williams^®^,  using  a  Gaertner  1,250-watt  quartz 
spectrograph,  have  obtained  strong  lines  on  their  spectrogram  of  Ca, 
Mg,  K,  Na,  Cu,  and  P,  in  a  variety  of  tissues  examined. 

There  are  certain  technical  difficulties  in  the  use  of  this  method  as 
a  means  of  analysing  ash  residues.  In  the  first  place,  it  cannot  be  em¬ 
ployed  for  detecting  the  intracellular  distribution  of  minerals.  The 
burning  produced  by  the  high-fi-equency  spark  extends  over  an  area 
of  tissue  consisting  of  many  hundreds  of  cells.  Unfortunately,  as  Scott*® 
has  shown,  areas  of  tissue  smaller  than  1  mm.  in  diameter  do  not 
contain  sufficient  salts  to  register  a  recordable  emission  spectrogram. 
Furthermore,  if  this  method  is  to  be  employed  with  micro -incineration, 
the  selection  of  electrodes  must  be  undertaken  with  caution,  since  cer¬ 
tain  elements  of  the  electrodes  are  likely  to  appear  in  the  spectrum. 
Scott  and  Williams^®®  have  ehminated  these  difficulties,  and  they  have 
simplified  the  technique  of  spark  spectrography  by  screening  the  elec¬ 
trodes  and  arranging  that  the  material  to  be  analysed  is  burnt  in  the 
centre  of  the  spark.  Yogada^^®  has  described  a  modified  technique 
adapted  for  examining  plant  material.  Spectrographic  analysis  at  pre¬ 
sent  is  useful  in  a  limited  way  for  the  estimation  of  elements  in  ashed 
material,  but  since  the  results  obtained  cannot  be  referred  to  cellular 
structures,  the  method  achieves  little  more  than  the  cruder  methods  of 
the  analysis  of  tissues  in  bulk. 

d.  Photo-electric  Method 

The  accurate  estimation  of  the  amounts  of  mineral  residues  in  in¬ 
cinerated  cells  provides  yet  another  problem  of  the  technique  of  micro- 
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incineration.  A  rough  idea  of  the  comparative  amounts  of  ash  in  cells 
and  tissues  can  be  obtained  by  the  visual  inspection  of  the  relative 
densities  of  the  ash  in  dark  field  illumination,  A  finer  visual  analysis 
is  impossible.  In  the  first  place,  the  quantitative  determination  of  the 
ash  is  dependent  on  the  relative  thickness  of  the  incinerated  sections. 
Variations  in  thickness  are  difficult  to  avoid  even  with  the  best  micro¬ 
tomes. 

Schultz-Brauns®®  has  devised  a  technique  for  the  quantitative  photo¬ 
graphy  of  incinerated  sections  based  upon  the  standardized  develop¬ 
ment  of  exposed  photographic  plates.  This  method  has  met  with  little 
success,  Scott^®  has  attempted  to  measure  the  intensity  of  light  reflected 
from  the  mineral  particles  in  ashed  preparations,  assuming  that  the  re¬ 
flected  light  was  proportional  to  the  amounts  of  ash  in  different  areas 
of  an  incinerated  section.  Prehminary  experiments  with  colloidal  solu¬ 
tions  indicated  that,  with  a  constant  source  of  illumination,  the  intensity 
of  fight  reflected  from  particles  in  the  preparation  w^as  proportional  to 
their  number.  Similar  experiments  with  incinerated  material  showed 
that  the  same  principles  w^ere  involved.  With  the  aid  of  a  specially 
designed  photomicrographic  apparatus,  a  small  area  of  a  microscopic 
field  under  dark  ground  illumination  is  selected  and  focused  by  a  plano¬ 
convex  lens  on  the  sensitive  plate  of  a  photo-electric  cell.  The  current 
generated,  when  the  fight  from  the  microscope  strikes  the  photo-electric 
cell,  is  passed  through  an  amplifier  and  its  output  measured  by  a  gal¬ 
vanometer.  The  amount  of  fight  reflected  in  dark  field  is  so  small  that 
the  current  generated  in  the  photo-electric  cell  has  to  be  amplified 
40,000  times  before  a  reading  on  a  sensitive  galvanometer  can  be  re¬ 
corded.  Although  this  method  does  not  give  an  analysis  in  terms  of  the 
weight  of  ash  from  individual  cells,  it  does  permit  the  mineral  residues 
of  a  selected  group  of  cells  to  be  compared  in  mass  with  those  of  another 
group  or  layer.  These  quantitative  variations  of  the  inorganic  residues 
in  normal  and  pathological  cells  of  the  same  type  are  sometimes  im¬ 
portant  to  the  pathologist.  The  investigation  of  pathological  calcifica¬ 
tions  and  other  allied  phenomena  by  a  quantitative  micro-incineration 

method  has  given  some  very  interesting  data,  which  will  be  discussed 
in  a  later  section  of  this  review. 


mally,  the  important  question  arises  as  to  whether  the  distribution 
o  ash  obtained  m  incinerated  sections  is  comparable  to  that  existing  in 
e  living  tissues  and  cells.  The  possibility  of  a  shift  of  the  inorganic 
salts  occurring  during  fixation  and  incineration  must  be  considered.  In 
this  connexion  Scott9‘  has  demonstrated  that  photomicrographs  of  living 

lb  motion  o7tt  ^  '^^ve-length  of  2,^50  A  show  an 

7h  res  duefaft  '^^eh  yield 

remarkablv  dl  ^ne  is  impressed,  moreover,  with  the 

y  ehcate  orientation  of  ash  residues  resulting  from  the 
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incineration  of  secretory  granules  within  the  cytoplasm  of  glandular  cells, 
of  chromosomes  during  cell  division,  and  of  structures  like  cilia.  It  has 
been  noted,  for  instance  in  adipose  tissue,  that  the  spaces  occupied  by 
fats  are  devoid  of  ash  in  incinerated  sections,  whereas  the  cell  mem¬ 
brane  surrounding  these  spaces  yields  an  ash  which  corresponds  exactly 
in  position  and  thickness  to  the  membrane  observed  in  stained  control 
preparations.  From  these  and  other  observations  it  is  safe  to  assume 
that  the  elimination  of  the  organic  substances  by  micro-incineration 
leaves  the  inorganic  residues  in  much  the  same  topographical  position 
within  a  section  as  exists  in  the  living  tissues. 

iv.  Normal  Cytology 

a.  Blood 

The  precision  of  the  micro -incineration  technique  is  fully  demon¬ 
strated  when  incinerated  films  or  sections  of  blood  or  protozoa  are 
examined  by  dark  field  illumination  (see  Plate  2,  Figs.  1  and  2).  The 
mineral  residue  of  a  red  blood  corpuscle  appears  to  consist  of  a  combina¬ 
tion  of  potassium  and  sodium  with  enough  iron  oxide  to  give  the  ash 
a  slightly  yellow  colour.  The  more  complex  white  corpuscles  of  the  blood, 
such  as  lymphocytes  and  eosinophil  leucocytes,  leave  a  more  organized 
ash.  They  can  be  readily  identified  by  their  inorganic  remains.  The 
polymorphonuclear  leucocytes,  as  Scott®’  has  demonstrated,  possess  cell 
membranes  w'hich  are  clearly  defined  by  an  orientation  of  finely  divided 
ash.  There  are  mineral-free  areas  in  their  cytoplasm.  Scott  has  even 
been  able  to  detect  the  mineral  residues  of  burnt  blood-platelets  which 
are  indentified  without  difficulty,  since  the  blood-plasma  leaves  no 
detectable  ash. 


6.  Cell  Division 

The  behaviour  of  the  inorganic  salts  during  mitosis  in  tissue  cells  is 
an  interesting  phenomenon  which  was  first  described  by  Scott®h  The 
ash  from  the  resting  nucleus  shows  less  iron  than  one  would  expect  and, 
according  to  Scott,  the  bulk  of  the  nuclear  ash  consists  of  shghtly  water- 
soluble  salts  which  are  probably  calcium  and  magnesium.  The  nucleolus 
in  the  resting  cell  is  inorganically  differentiated  from  the  remainder  of 
the  nuclear  chromatin.  Most  nucleoli  contain  appreciable  amounts  ot 
birefringent  ash  with  iron  oxide.  Both  the  nuclear  and  cell  membranes 
in  healthy  normal  cells  show  a  delicate  orientation  of  mineral  ash  Ihe 
cytoplasmic  ash  in  most  cells,  with  the  exception  of  neurones,  is  thiffiy 
and  evenly  dispersed.  Neither  the  mitochondria  nor  the 
can  be  distinguished  within  the  general  cytoplasmic  ash.  At  the  com¬ 
mencement  of  mitosis,  the  inorganic  salts  of  the  whole 
become  concentrated  in  the  chromatin  prior  to  chromosome 
This  phenomenon  is  most  noticeable  in  the  late  prophase,  and  the  fully 
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formed  chromosomes  of  the  metaphase  consist  of  aggregations  of  almost 
solid  white  ash.  Tliese  details  are  best  illustrated  during  embryonic 
development  in  the  chick. 

In  the  majority  of  cells  there  is  a  marked  tendency  towards  a  con¬ 
centration  of  mineral  substances  along  free  surfaces,  as,  for  example,  in 
the  free  borders  of  the  stomach  epithelial  cells  and  also  in  urinary  epi¬ 
thelium.  This  phenomenon^®^’^®^  is  even  more  marked  in  the  case  of 
the  striated  border  of  intestinal  epithelial  cells  previously  fixed  by  the 
alcohol-formalin  method.  Such  an  accumulation  of  inorganic  salts  has 
been  reported  in  the  free  surface  of  absorptive  epithelial  cells  by  Macklin 
and  Macklin^i  and  by  Scott^L  Later,  Scott  and  Packer^o^  confirmed  these 
findings  and  analysed  the  salts  in  these  regions  by  the  application  of 
the  electron  microscope.  The  ash  concentrations  were  found  to  consist 
mainly  of  magnesium  and  calcium. 

Space  will  not  permit  a  discussion  of  the  general  distribution  of 
mineral  substances  in  normal  tissues,  nor  is  there  any  need,  as  Scott^^ 
has  most  ably  dealt  with  these  problems  in  a  previous  communication. 

Before  passing  on,  however,  a  brief  reference  will  be  made  to  several 
interesting  cytological  observations  recorded  in  this  field.  It  was  alw'ays 
problematical  as  to  whether  the  pigment  in  the  Ciaccio  cells  of  the  mam- 
mahan  pineal  body  contained  appreciable  quantities  of  iron.  Baginski^, 
from  incinerated  sections  of  the  pineal,  w'as  able  to  determine  that  the 
Ciaccio  cells  contained  appreciable  quantities  of  iron.  Funaoka  and 
Ogata^^  recorded  some  interesting  observations  on  the  nuclear  ash  con¬ 
tent  in  the  cells  of  the  ovarian  tube  in  Ascaris  megalocephala  and  also 
in  the  stamens  of  Viciafaba.  Kooyman^^  has  studied  in  great  detail  the 
mineral  distribution  in  the  cells  of  the  skin.  Also,  Policard,  Noel,  and 
Pillet’"*  described  changes  in  the  mineral  structure  of  organs  produced 
by  experimental  metabolic  changes. 

c.  Protozoa 

Micro-incineration  of  various  types  of  protozoa  has  added  interesting 
data  to  our  knowledge  of  these  organisms.  Differences  between  the 
mechanisms  of  nutrition  in  various  species  of  infusoria  appear  to  be 
related  to  the  concentration  and  distribution  of  their  ash  residues. 
Policard64  in  1929  was  the  first  to  examine  the  mineral  ‘skeleton’  of  a 
protozoan  cell  by  micro-incineration.  He  selected  for  this  purpose  the 
vorticellid  Carchesiurn  polypinum,  and  described  the  ashed  remains  of 
the  vegetative  structures  as  distinct  clumps  of  ash  3  to  4  ^  in  diameter. 
The  ash  of  these  bodies  was  whitish  in  appearance  and  almost  crystal¬ 
line  in  structure.  The  ash  of  the  endosarc  contained  appreciable  amounts 
of  iron,  while  the  myonemata  and  the  basal  granules  yielded  finely 
orientated  white  ash  residues. 

Scott  and  Horningi»i  described  the  ash  residues  of  the  binucleate 
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infusorian  Opalina.  They  were  able  to  elucidate  the  cytoplasmic  nature 
of  the  so-called  vegetative  bodies,  which  had  previously  been  the  sub¬ 
ject  of  much  controversy  (see  Plate  2,  Figs.  1  and  2).  Several  proto- 
zoologists^^’^^’^®^  had  contended  that  these  cytoplasmic  structures,  as 
previously  identified  by  somewhat  capricious  cytological  techniques, 
represented  Golgi  substance.  Incinerated  preparations  of  the  organism 
showed  that  these  vegetative  bodies  did  not  consist  of  Golgi  material, 
since  they  left  a  distinctive  and  organized  clump  of  calcium-containing 
ash.  Bearing  in  mind  the  method  of  feeding  of  this  astomatous  ciliate 
and  the  theory  that  mitochondria  are  associated  with  enzyme  activity, 
it  w'as  suggested  by  Richardson  and  Horning®^  that  these  associated 
vegetative  granules  are  synthesized  under  the  influence  of  the  mito¬ 
chondria.  Later,  Horning  and  Scott,^®  in  a  more  detailed  and  compara¬ 
tive  study  of  the  differences  in  the  ash  organization  between  a  saprozoic 
and  a  holozoic  infusorian,  were  able  to  demonstrate  that  the  mineral 
distribution  in  the  two  types  of  protozoa  could  be  correlated  with  their 
different  mechanisms  of  nutrition.  The  two  types  of  infusorian  selected 
were  Nyctotherus  cordiformis  and  binucleate  Opalinids  infecting  Rana 
pipiens. 

Since  Opalinids  are  saprozoic  and  astomatous,  the  concentrations  of 
inorganic  material  seen  occasionally  within  the  surface  cytoplasm  may 
possibly  be  associated  with  the  mechanism  of  nutrition.  The  nature  of 
the  mineral  salts  aggregated  in  the  surface  cytoplasm  varies  considerably 
in  Opalinids  infecting  different  hosts.  In  some  species  this  ash  residue 
appears  to  contain  large  traces  of  iron  and  calcium,  while  in  others  there 
is  very  little  ash  in  the  peripheral  areas.  At  times  the  concentration  of 
inorganic  salts  in  Opalinids  entirely  masks  such  structures  as  the  myone- 
mata  and  basal  granules,  which  are  usually  visible  in  incinerated  starving 
Opalinids.  Detailed  comparative  examination  of  this  region  of  the  cell 
shows  not  only  quantitative,  but  also  qualitative,  variations  in  the  in¬ 
organic  salts,  suggesting  that  this  phenomenon  is  in  some  manner  corre¬ 
lated  with  the  diffusion  of  digested  or  digestible  material  through  the 
cuticle  into  the  protoplasm  of  the  organism.  This  is  of  interest  in  view 
of  the  findings  of  Macklin  and  Macklin®^  and  Scott  and  Packer^®®,  who 
showed  that  aggregations  of  inorganic  salts  occur  in  the  free  margins 

of  absorbing  intestinal  epithelial  cells. 

When  the  ash  residues  of  the  protoplasm  and  its  various  inclusions 
in  Nyctotherus  and  Opalina  are  compared,  interesting  differences  are 
revealed  between  the  general  organization  of  mineral  substances  com¬ 
posing  the  skeleton  of  the  holozoic  and  saprozoic  forms.  Whereas  in 
Opalina  the  cytoplasm  is  relatively  free  from  ash,  except  for  the  presence 
of  the  inorganic  remains  of  the  vegetative  granules,  the  general  cyto¬ 
plasm  of  Nyctotherus  yields  a  fine  network  of  mineral  residues.  Another 
interesting  characteristic  of  incinerated  sections  of  Nyctotherus  is  the 
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vacuolated  appearance  of  the  cytoplasm.  These  vacuoles  are  clearly 
outlined  by  a  deposit  of  concentrated  ash,  and  they  are  similar  to  the 
vacuoles  in  the  endoplasm  of  Vorticella  described  by  Policard®^.  The 
nature  of  the  inorganic  accumulations  forming  the  vacuolar  wall  is  of 
considerable  interest  and  importance,  since  they  are  relatively  rich  in 
iron.  The  presence  of  iron  at  the  periphery  of  these  vacuoles  might 
indicate  an  increased  rate  of  oxidation  in  these  areas.  It  has  been  sug¬ 
gested  that  phosphatides  aggregate  at  the  interface  of  the  cytoplasm  . 
owing  to  their  capacity  to  reduce  surface  tension  according  to  the  Gibbs- 
Thomson  law^*,  and  possibly  they  do  so  in  combination  with  inorganic 
substances  like  iron. 

Unlike  the  nuclei  in  Opalina,  which  are  characterized  by  little  or  no 
mineral  residues,  the  macronucleus  of  Nyctotherus  cordiformis  contains 
so  much  mineral  material  that  it  crumbles  when  sectioned  and  cannot, 
therefore,  be  differentiated  from  the  micronucleus  in  ash  preparations. 
Other  structures  of  these  types  of  ciliates,  readily  revealed  by  micro - 
incineration,  are  the  basal  granules,  the  cilia,  and  myonemata.  The 
clarity  with  which  the  ash  of  delicate  structures  such  as  these  is  shown 
by  the  technique,  together  with  general  differences  in  organization  and 
orientation  of  the  inorganic  material,  opens  the  way  for  further  studies 
on  these  infusorians. 


d.  MuUinucleated  Giant  Cells 

Okkels^®  produced  multinucleated  giant  cells  experimentally  in  the 
peritoneum  of  the  small  intestines  of  mice  and  examined  them  in 
incinerated  sections.  He  found  that  the  ash  of  the  Langhans  giant 
cells  was  relatively  insigm’ficant.  The  central  region  of  the  cell  did 
not  contain  more  calcium  than  the  peripheral  cytoplasmic  zone.  This 
was  a  significant  observation,  being  contrary  to  the  general  idea  that 

necrotic  changes  are  always  taking  place  in  the  centre  of  the  Langhans 
cells. 

In  cases  of  inflammatory  processes  occurring  in  various  non-infective 
conditions,  Okkels  found  that  giant  cells  were  also  poor  in  ash  residues. 
On  the  other  hand,  it  was  interesting  to  note  that  giant  cells  found  in 
relation  with  human  carcinoma  of  the  breast  always  contained  calcium 
Ash.  It  was  further  observed  that  the  macrophages  containing  blood- 
pigment  m  inflammatory  areas  were  extremely  rich  in  iron -containing 


e.  Tissue  Cultures 

By  means  of  a  slight  modification  in  technique,  Horning  and  Scott^s 
succeeded  m  incinerating  tissue  cultures.  Tissues  from^T-day  chick 
embryos  were  selected  for  these  experiments.  Perhaps  the  most  interest 
mg  observation  recorded  was  that  all  cells  in  the'cultures,  eSdaUy 
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clasmatocytes,  which  generally  contain  traces  of  iron  in  tissue  sections, 
showed  no  such  traces  when  ashed  in  cultures.  This  was  possibly  due 
to  the  fact  that  the  tissues  had  been  cultivated  in  vitro  in  a  medium 
entirely  cut  off  from  a  blood-supply.  ‘Pure’  cultures  of  epithelium  and 
of  fibroblasts  were  cultivated  separately  and  compared  after  incinera¬ 
tion.  The  heart  fibroblasts  contained  considerably  greater  amounts  of 
clumped  calcium  ash  than  the  cells  forming  the  sheet-like  cultures  of 
epithelium.  In  the  latter  the  cytoplasmic  ash  was  more  evenly  dispersed, 
except  in  the  mobilized  cells  at  the  periphery  of  the  culture  medium. 

/.  Nerve  Cells 

Alexander^  has  examined  the  mineral  contents  of  neurones  in  human 
material.  The  cytoplasm  of  ganglion  cells  in  the  cerebral  cortex  was 
found  to  be  rich  in  mineral  substances,  which  varied  in  distribution  in 
different  parts  of  the  cell.  The  dendrites  and  the  nucleoh  left  a  distinc¬ 
tive  ash,  but  the  remainder  of  the  nucleus  was  ash-free.  The  Nissl  bodies 
were  found  to  contain  a  concentration  of  calcium.  In  the  general  cyto¬ 
plasm  traces  of  iron  and  calcium  could  be  identified.  The  neurofibrillae, 
as  might  be  expected,  were  entirely  free  of  mineral  residues,  and  the 
axon  hillock  and  axis  cylinder  contained  very  small  amounts  of  ash, 
which  did  not  appear  to  consist  either  of  calcium,  iron,  or  silica.  The 
myelin  sheaths  left  no  residues  at  all.  It  was  further  noted  that  the 
ash  of  neurones  examined  during  embryonic  development  was  greater 
in  concentration  than  after  differentiation  had  been  completed. 

g.  Smooth  and  Striated  Muscle 

Scott®®  has  studied  the  mineral  content  of  muscle  by  means  of  in¬ 
cineration  as  well  as  by  the  electron  microscope.  In  smooth  muscle  the 
nuclear  membranes  and  the  myofibrils  yield  a  distinctive  ash,  which 
shows  a  tendency  to  aggregate  at  the  cell  surfaces.  The  myofibrils 
retain  their  individuality  in  the  ash  up  to  the  very  edge  of  the  fibres. 
‘Contracture  waves’  crossing  the  fibres  were  inorganically  represented 
by  marked  concentrations  of  ash  of  a  distinct  bluish-white  colour,  which 
differs  from  that  seen  in  the  uncontracted  portions  of  the  fibres. 

In  striated  muscle  the  ash  forming  the  striations  has  been  found  to 
contain  iron.  Alternating  with  the  striations  were  areas  which  were 
optically  mineral -free.  The  more  concentrated  ash  deposits  corre¬ 
sponded  with  the  anisotropic  disks,  and  in  all  probability  the  ash-free 
areas  indicated  the  position  of  the  J  or  isotropic  disks.  In  well  in¬ 
cinerated  preparations  even  the  Z  band  of  the  J  disk  and  that  of  the 
Q  disk  could  be  detected.  In  striated  muscle  the  sarcolemma  left  a 
white  ash  containing  calcium. 

With  the  aid  of  the  electron  microscope,  Scott  and  Packer^®®  made 
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a  study  of  the  location  of  calcium  and  magnesium  both  in  smooth  and 
striated  muscle.  Strips  of  smooth  muscle  were  taken  from  the  wall  of 
the  duodenum  of  cats  and  frogs.  The  pieces  of  muscle  were  frozen  in 
liquid  air  while  actively  contracting  and  then  dehydrated  in  vacuo 
before  infiltration  with  water -free  paraffin,  according  to  the  method 
already  described.  This  treatment  of  the  muscle  precluded  any  shift 
in  mineral  salts  within  the  tissues.  In  no  instance  was  either  calcium 
or  magnesium  found  to  be  located  outside  the  cell  membranes.  The 
muscle-fibres  from  the  frogs  showed  a  marked  concentration  of  salts 
within  the  sarcoplasm,  and  some  indication  of  the  protoplasmic  bridges 
which  can  be  demonstrated  in  routine  stained  sections  to  cross  the 
intervals  between  adjacent  fibres.  Otherwise  no  calcium  or  magnesium 
salts  could  be  demonstrated  in  the  endomysium.  Scott®®  has  pointed 
out  that  these  observations  with  the  electron  microscope  are  of  interest 
in  view  of  the  recent  work  of  Steinbach^^®,  who  contended  that  calcium 
is  always  present  in  cells  in  lower  concentration  than  in  the  surrounding 
medium. 

■  According  to  Carey  and  Zeit^^  smooth  muscle  from  guinea-pig  intestine 
or  uterus,  and  the  so-called  transitional  muscle  of  the  bird’s  gizzard, 
develop  contraction  compression  waves  if  the  tissue  is  transferred  from 
Locke’s  solution  at  42°  C.  to  the  same  medium  at  0°  C.,  and  then  fixed 
immediately  afterwards.  Similar  serial  contraction  compression  waves 
occur  in  frog  skeletal  muscle-fibres  after  sudden  warming  or  cooling. 
Sections  of  the  fixed  muscle  exhibit  dark-staining  nodal  stripes  (pressure 
nodes)  and  pale-staining  tension  internodes,  which  correspond  in  in¬ 
cinerated  sections  to  heavy  ash  deposits  alternating  with  internodal 
areas  which  are  relatively  ash-free.  The  regional  distribution  of  ash  in 
skeletal  muscle  is  related  to  nodal  crowding  of  narrow  Q  bands  with 
internodes  of  coarse,  widely  spaced  Q  bands. 

h.  Mammary  Oland 

The  effects  of  radium  radiations  upon  the  mammary  epithelial  cells 
of  the  mouse  during  di-oestrus,  oestrus,  pregnancy,  and  lactation  were 
examined  by  Horning®^  with  the  micro-incineration  technique.  No 
specific  variations  were  found  in  the  distribution  of  the  inorganic  con¬ 
stituents  of  the  unirradiated  mammary  glands  fixed  during  di-oestrus 
and  oestrus.  During  di-oestrus  the  sparse  secretion  often  seen  in  the 
ducts  m  histological  preparations  was  found  to  leave  no  ash  after  in¬ 
cineration.  During  early  and  late  gestation  differences  between  the 
amounts  of  ash  in  the  alveolar  epithelium  were  more  marked.  Taking 
into  account  the  morphological  fiuctuations  of  the  mammary  gland  cells 
during  pregnancy,  the  variations  in  the  cytoplasmic  ash  could  be  corre- 
lated  with  the  degree  of  cellular  differentiation  and  secretory  activity 

White  calcium-containing  ash  of  the  alveolar  cells,  in  material 
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incinerated  at  6  days’  gestation,  was  very  diffusely  arranged,  except  in 
the  nuclei  and  towards  the  apical  cytoplasm,  where  it  was  deposited  in 
thicker  concentrations.  Material  on  the  17th  day  of  gestation  gave  ash 
residues  indicating  a  greater  concentration  of  inorganic  salts  both  in  the 
epithelium  and  in  the  distended  lumina  of  the  alveoli.  The  epithelial 
cytoplasm  presented  a  honeycombed  appearance  owing  to  the  complete 
incineration  of  the  fat  droplets,  which  left  no  inorganic  residue.  Dense 
accumulations  of  calcium  were  found  around  the  periphery  of  the  spaces 
once  occupied  by  the  fat  secretion  in  the  cytoplasm.  The  white  calcium 
ash  derived  from  the  incinerated  milk  in  the  distended  lumina  was  more 
diffusely  deposited  than  in  the  epithelial  cytoplasm.  The  micro -incinera¬ 
tion  technique  demonstrated  very  clearly  the  fluctuations  in  the  in¬ 
organic  content  of  the  milk  secretion.  The  maximum  ash  content  was 
reached  from  the  3rd  to  the  6th  day  of  lactation,  when  the  milk  in  the 
greatly  distended  alveoli  yielded  large  concentrations  of  calcium  residues 
(see  Plate  3,  Figs.  1  and  2).  Material  fixed  on  the  9th  to  the  11th  day 
of  lactation  showed  relatively  less  inorganic  salts  in  the  lumina.  Owing 
to  excessive  concentration  of  ash  within  the  secretory  epithelium  during 
early  lactation,  especially  on  the  3rd  day,  cellular  details  became  more 
difficult  to  distinguish.  The  distended  alveoli  appeared  as  irregular 
rings  of  white  ash,  with  the  secretion  appearing  less  homogeneous  than 
that  found  during  gestation,  owing  to  the  greater  fat  content. 

Radium  treatment  did  not  produce  any  variations  in  ash  distribution 
of  the  duct  epithehum  during  di-oestrus  and  oestrus.  Slight  but  variable 
increase  in  ash  could  be  detected  in  the  hypertrophied  cells  which  had 
been  irradiated  on  the  10th  day  of  gestation  and  incinerated  5  days 
afterwards.  More  specific  effects  were  obtained  by  irradiating  the  mam¬ 
mary  gland  on  the  3rd  day  of  lactation.  Material  fixed  3  days  after 
irradiation  showed  a  striking  increase  in  the  calcium  content  of  the  milk 
secretion  as  compared  with  unirradiated  material  at  the  same  stage  of 
lactation  (see  Plate  3,  Fig.  2).  There  was  no  visible  effect  upon  the  ash 
content  of  the  secretory  epithelium.  The  distended  alveoli  contained 
a  coarsely  granular  white  ash  which,  owing  to  the  fact  that  the  fat 
secretion  was  inhibited  by  radium  treatment,  was  more  evenly  distri¬ 
buted  than  in  the  control  uniiTadiated  sections  of  the  gland  (see  Plate  3, 
Fig.  1).  It  is  of  interest  to  record  that  in  the  inorganic  constituents  of 
milk  secretion  a  marked  increase  occurs  following  irradiation,  whereas 
the  fat  secretion  is  inhibited. 

t.  The  Formation  of  the  Avian  Egg-shell 

In  the  so-called  uterus  at  the  terminal  end  of  the  oviduct  of  birds  a 
remarkable  mobilization  and  secretion  of  mineral  salts  occurs  at  repeated 
intervals  to  form  the  calcified  shell  of  the  egg.  It  has  been  calculated, 
in  the  case  of  the  domestic  hen,  that  approximately  o  grammes  of  nearly 
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pure  calcium  carbonate  become  deposited  in  the  course  of  the  20  to  24 
hours’  interval  during  which  the  egg  remains  in  the  uterus.  Sections  of 
the  uterine  mucosa,  taken  at  stages  when  no  shell  is  being  secreted  and 
when  a  shell  is  in  process  of  formation,  show  conspicuous  differences  in 
ash  content  (see  Plate  4,  Figs.  1  and  2).  Richardson®^  has  demonstrated 
that  the  areas  of  uterine  epithehum  actually  in  contact  with  a  develop¬ 
ing  egg-shell  are  much  richer  in  mineral  residues  than  adjacent  portions 
of  the  same  epithelium  which  are  not  in  actual  contact  at  the  time  of 
fixation.  Unfortunately,  the  micro-incineration  technique  did  not  reveal 
the  mechanism  by  which  the  calcium  is  deposited  into  the  uterine  lumen, 
despite  the  fact  that  secretory  granules  in  the  uterine  epithelial  cells 
were  found  to  leave  a  well-defined  ash  residue.  Since  these  studies  were 
made,  the  modern  improvements  of  freezing-drying  fixation  and  the 
electron  microscope  have  been  combined  with  micro -incineration,  and 
it  should  be  emphasized  that  there  is  room  for  much  further  work  with 
.these  techniques  in  an  attempt  to  explain  this  extraordinary  pheno¬ 
menon  of  calcification. 

j.  Teeth 

The  mineral  distribution  in  the  developing  teeth  of  man,  dogs,  cats, 
and  rodents  has  been  studied  by  Hamp^®.  The  findings  in  incinerated 
sections  of  the  dental  tissues  were  checked  by  spectroscopic  analysis. 
The  cells  destined  to  become  ameloblasts  in  the  developing  enamel  organ 
were  found  to  contain  relatively  large  amounts  of  calcium  and  mag¬ 
nesium.  During  differentiation  of  the  ameloblasts  a  marked  diminution 
of  salts  occurred,  so  that  the  cytoplasm  was  found  to  be  practically 
devoid  of  calcium  and  magnesium.  This  loss  was  accompanied,  how¬ 
ever,  by  an  increase  in  other  minerals,  among  which  potassium  was 
identified.  In  the  fully  differentiated  ameloblast,  just  prior  to  the  forma¬ 
tion  of  enamel,  the  cytoplasm  once  again  showed  large  quantities  of 
calcium  and  magnesium  concentrated  within  the  distal  and  proximal 
areas  of  the  cells.  The  central  zone  of  the  ameloblast  was  found  to  be 
relatively  free  from  calcium  and  magnesium  oxides.  The  mineral  fluc¬ 
tuations  observed  in  the  differentiation  and  development  of  the  enamel- 
producing  cells  were  not  observed  in  the  odontoblast  layer  of  the  tooth 
germ.  At  every  stage  of  their  development  the  odontoblasts  showed  a 
constant  mineral  content.  These  ceUs  were  distinctly  richer  in  calcium 
and  magnesium  when  compared  with  the  mesenchyme  cells  of  the  dental 
papilla.  Hamp28  found  evidence  for  the  assumption  that  the  more 
mature  the  odontoblasts  became,  the  greater  was  their  magnesium  and 
calcium  content.  He  concluded  Horn  the  evidence  of  these  experiments 
that  calcification  takes  place  in  alternating  rhythms  of  high  and  low 
concentration  and  not  in  the  form  of  a  steady  accumulation  of  inorganic 
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k.  Embryonic  Tissues 

Policard  and  Fillet’^  first  applied  the  micro -incineration  technique  to 
a  study  of  the  developing  organism.  Their  examination  was  restricted 
to  the  calcareous  deposits  in  the  endolymphatic  sacs  of  Anuran  larvae. 
They  detected  appreciable  amounts  of  calcium  in  the  fluid  of  the  cavities 
of  the  intracranial  diverticula  and  the  saccus  endolymphaticus  of  the 
embryo.  They  contended  that  these  deposits  formed  a  reserve  of  cal¬ 
cium  utilized  during  the  development  of  the  larva.  Horning  and  Scott^® 
studied  the  changes  in  the  mineral  distribution  during  certain  phases 
of  embryonic  development  in  the  chick.  Apart  from  describing  the 
ash  organization  of  the  developing  organs,  they  found  that  embryonic 
development  was  expressed  inorganically  by  an  increase  in  certain 
mineral  salts  and  a  decrease  in  others.  It  was  observed  that  in  the 
brain  the  calcium  salts  were  progressively  increased,  while  iron  was 
decreased.  In  the  case  of  some  other  organs,  during  different  stages  of 
development,  a  definite  migration  of  inorganic  material  had  taken  place. 
These  results  of  Horning  and  Scott  seem  to  indicate  that  mineral  migra¬ 
tions  take  place  during  organogenesis  as  well  as  later,  during  the  specific 
differentiation  of  cell  types,  as,  for  instance,  in  the  enamel  organ.  Also, 
Alexander  and  Myerson^  found  that  the  mineral  ash  in  the  human 
cerebral  cortex  was  more  concentrated  during  embryonic  development 
than  after  differentiation  had  been  attained.  The  poor  concentration 
of  iron  oxide  in  the  brain  of  the  new-born  infant  was  assumed  to  corre¬ 
spond  with  the  lesser  degree  of  vascularity  of  the  new-born  infant  s 
brain.  Their  spectrographic  examinations  showed  that  the  grey  matter 
of  the  human  adult  brain  was  richer  in  iron,  calcium,  magnesium,  and 
sodium  than  the  same  areas  in  the  infant  brain.  The  regions  of  the 
white  matter  were  richer,  however,  only  in  phosphorus  content. 


V.  Pathological  Cytology 

a.  Arteriosclerosis 

Arteriosclerosis  is  a  disease  which,  generally  speaking,  increases  in 
severity  and  frequency  with  advancing  age.  Since  the  time  of  Vesalius 
the  existence  of  such  lesions  has  been  recorded,  yet  up  to  the  presen 
time  there  is  no  therapeutic  treatment  which  will  retard  or  cure  the 
disease.  Many  theories  of  its  pathogenesis  have  been  evolved.  Of  the 
numerous  papers  on  arteriosclerosis  which  have  appeared  during  recen 
years,  some  of  the  most  interesting  are  those  which  describe  the  patho¬ 
logical  mineral  changes  as  determined  by  use  of  the  micro-incinera  ion 
technique.  Not  only  can  the  topographical  position  of  the  inorgan 
salts  in  (piestion  be  examined  but.  as  Policard‘«  in  his  study  of  the  suD- 
ject  points  out,  ‘  micro-incineration  permits  the  investigator  to  determine 
accurately  the  very  earliest  changes  in  the  mineral  constituents  at  tn 
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beginning  of  arteriosclerosis’.  It  is  likely  that  the  study  of  the  very 
early  lesions  by  micro-incineration  will  add  considerably  to  our  know¬ 
ledge  of  the  aetiology  of  the  condition. 

The  haematoxylin  staining  of  calcium  deposits  commonly  employed 
by  pathologists  is,  according  to  Cameronio,  non-specific.  Hence  the 
micro -incineration  technique  has  certain  advantages  over  routine  histo¬ 
logical  methods  for  the  determination  of  calcium  as  well  as  iron  and 

silica. 

The  manner  in  which  calcium  becomes  concentrated  within  the  walls 
of  blood-vessels  is.  a  phenomenon  not  fully  understood.  It  appears  to 
be  correlated  with  physical  changes  in  the  elastic  tissue,  as  described  by 
Wells“^>ii^  Ribbert®!  was  one  of  the  first  to  show  that  perfectly  normal 
arteries  contain  small  quantities  of  calcareous  material.  Later,  Faber^® 
found  that  calcium  is  chiefly  located  in  the  elastic  laminae  of  old  arteries, 
and  is  sometimes  concentrated  in  the  internal  elastic  laminae.  Calcium 
deposition  is  rarely  encountered  in  the  intima  or  adventitia.  Consider¬ 
able  doubt  exists  as  to  whether  the  calcifications  sometimes  seen  in 
normal  arteries  represent  an  early  phase  in  the  aetiology  of  arterio¬ 
sclerosis.  Ribbert®^  contends  that  such  deposits  bear  no  relation  to  the 
disease,  while  F^ber^®  regards  them  as  an  indication  of  the  early  onset 
of  the  condition.  As  most  of  these  earlier  observations  have  been  based 
upon  Kossa’s  method  of  silver  impregnation  ,  it  is  most  likely  that  some 
of  the  controversial  issues  could  be  satisfactorily  settled  by  studying  the 
early  phases  of  arteriosclerosis  with  micro -incineration  technique.  A 
systematic  study  of  the  topographical  relationship  between  the  mineral 
constituents  in  the  arterial  walls  during  the  early  phases  of  arterio¬ 
sclerosis  would  most  likely  have  a  direct  bearing  upon  the  problem. 

Some  of  the  more  important  contributions  in  this  field  are  those  of 
Tschoppi^^,  RavaulU®’’^,  Policard,  Morel,  and  Ravault’®,  Ham^’,  and 
Ku^^,  all  of  whom  have  employed  the  micro-incineration  technique  for 
studying  the  pathogenesis  of  the  disease.  Ham’s  work  on  experimental 
calcification  produced  by  large  doses  of  irradiated  ergosterol  is  most 
important,  since  it  has  brought  to  light  fundamental  changes  in  calcium 
deposition. 

Tschopp^^i  was  the  first  to  apply  micro-incineration  to  a  study  of 
human  arteriosclerosis  in  the  uterus  of  a  woman  of  only  46  years.  He 
.  described  the  localization  of  calcium  and  iron  salts  in  the  arterial  walls, 
and  particularly  the  presence  of  large  amounts  of  silica  in  the  umbilical 
arteries  of  foetuses.  He  found  most  of  the  ash  was  located  in  the  media, 
while  the  intima  and  the  adventitia  contained  far  less  mineral  residues. 
RavaulU®  gave  the  first  detailed  comparative  account  of  ash  distribu¬ 
tion  in  histologically  normal  and  diseased  arteries.  Calcareous  deposits 
with  iron  oxide  were  located  amongst  the  connective-tissue  fibres  and 
elastic  tissues,  but  very  rarely  within  the  muscle-fibres  themselves.  In 
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healthy  normal  vessels  the  intima  and  adventitia  yield  no  ash  deposits, 
while  calcium-containing  ash  in  very  small  quantities  was  locahzed  in 
the  media.  In  calcareous  deposits  in  the  inflammatory  foci  of  endar¬ 
teritis  a  shift  occurs  in  mineral  salts  from  the  media  to  the  degenerating 
intima.  Zinkant^^'^  has  confirmed  these  findings  of  Ravault  in  a  descrip¬ 
tion  of  increased  ash  deposits  in  the  elastica  interna  of  the  uterine 
arteries  in  women  of  50  years.  As  age  advances  an  accumulation  of 
inorganic  salts,  which  were  chiefly  calcium,  takes  place  in  the  media 
and  frequently  within  the  internal  elastic  membrane.  Similarly,  Poli- 
card.  Morel,  and  Ravault^^,  by  using  spectrographic  analysis  in  com¬ 
bination  with  micro -incineration,  were  able  to  find  the  same  sequence 
of  changes  in  arteriosclerotic  vessels  in  other  parts  of  the  body.  Policard 
has  also  recommended  the  chemical  analysis  of  the  walls  of  large  arteries 
about  1  mm.  in  thickness.  By  means  of  careful  dissection  the  intima, 
media,  and  adventitia  can  be  isolated  and  analysed  separately  by 
ordinary  chemical  methods.  In  view  of  more  recent  developments  in 
the  technique  of  micro -incineration,  there  appears  little  need  to  employ 
this  tedious  procedure,  by  which  the  topographical  deposition  of  minerals 
can  hardly  be  expressed  in  terms  of  cellular  layers. 

Ku^^  has  reported  a  series  of  interesting  observations  on  coronary 
sclerosis  in  a  selected  group  of  human  cases,  ranging  from  the  new-born 
to  79  years  of  age.  The  smallest  quantities  of  ash  were  found  in  the 
arteries  of  new-born  infants  and  then,  as  age  advanced,  small  increases 
in  ash  content  were  noted.  This  gradual  increase  in  ash  content  was 
regarded  as  a  normal  phenomenon  and  not  necessarily  an  early  indica¬ 
tion  of  the  onset  of  arteriosclerosis.  The  ashed  remains  of  the  coronary 
arteries  were  found  to  consist  almost  entirely  of  calcium  salts,  which 
were  localized  mainly  within  the  elastic  tissue.  Much  smaller  quantities 
were  detected  in  the  other  tissues  of  the  intima,  media,  and  adventitia. 
The  manner  in  which  calcium  salts  are  bound  to  elastic  fibres  was  not 
determined  by  Ku.  This  author  also  found  that  as  arteriosclerosis  de¬ 
velops  there  is  an  increase  in  the  amount  of  elastic  tissue  which  was  always 
accompanied  by  a  corresponding  increase  in  calcium  ash.  He  concluded 
by  suggesting  that  the  increase  of  the  elastic  tissue  has  a  direct  bearing 
upon  the  calcification  which  occurs  subsequently  during  the  develop¬ 
ment  of  the  disease.  Ku  also  reported  upon  the  variable  increases  of 
mineral  constituents  found  in  rheumatic  fever  nodules  and  in  leukaemic 
infiltration. 

Ham^’,  in  a  study  of  experimental  calcification,  employed  the  micro- 
incineration  method  with  great  advantage  in  order  to  observe  rapid 
changes  in  calcium  deposition  following  treatment  with  irradiated  erg- 
osterol.  It  was  found  that  large  single  doses  of  this  substance  produced 
massive  calcification  in  the  aorta,  coronary  vessels,  and  cardiac  muscu¬ 
lature  of  rats  as  soon  as  48  hours  following  administration.  Incinerated 
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sections  of  normal  aorta  from  the  rat  and  from  material  taken  24  hours 
after  the  administration  of  a  single  dose  of  irradiated  ergosterol  showed 
that  the  elastic  fibres  were  devoid  of  mineral  residues.  In  fact,  detailed 
examination  of  sections  24  hours  after  treatment  with  ergosterol  gave 
no  indication  of  the  high  degree  of  calcification  which  was  about  to  take 
place  during  the  following  24  hours.  The  marked  increase  in  the  mineral 
content  of  the  lesions  produced  48  hours  after  a  single  dose  of  activated 
ergosterol  were  remarkably  well  shown  in  the  incinerated  remains  of 
sections  through  the  walls  of  the  aorta  and  coronary  vessels.  The 
arteries  stood  out  as  thick-waUed  tubes  of  mineral  residues  when  com¬ 
pared  with  the  incinerated  sections  of  similar  vessels  taken  from  material 
24  hours  earlier.  At  48  hours  after  treatment  the  elastic  fibres  clearly 
became  involved  in  the  process,  since  they  were  heavily  infiltrated  with 
calcium-containing  ash.  Ham’s  experiments  showed  that  the  calcifica¬ 
tion  was  not  dependent  upon  degenerative  changes  in  the  tissues  affected. 
Judging  from  the  rapidity  and  massiveness  of  these  calcifications,  he 
concluded  that  the  phenomenon  was  related  to  the  inability  of  the  blood- 
plasma  to  retain  all  its  calcium  in  solution. 

Schultz -Brauns®*  and  Schultz -Brauns  and  Schoenholz*®  consider  ab¬ 
normal  deposits  of  calcium  in  cells  to  be  due  to  a  decreased  functional 
metabolism  probably  associated  with  cell  damage.  Wehrefritz^i^ 
Schoenig®’  hold  the  view  that  the  presence  of  abnormal  amounts  of 
calcium  indicates  a  physiological  storage  of  that  substance.  PoHcard, 
Morel,  and  Ravault^®,  in  their  spectroscopic  studies  of  the  minerals  in 
blood-vessels,  found  that  calcium  and  magnesium  were  present  in  small 
amounts  in  both  normal  and  pathological  vessels.  The  normal  intima 
contained  more  calcium  than  magnesium,  and  the  media  was  even  richer 
in  calcium  and  contained  more  magnesium  than  the  intima.  During 
lipoid  degeneration,  according  to  these  authors,  the  intima  shows  an 
increased  magnesium  content,  while  in  calcified  atheromata  there  is  a 
marked  increase  in  calcium  and  not  in  magnesium.  It  was  reported 
that  all  pathological  mineral  deposits  of  the  aorta  are  calcareous,  and 
that  these  conditions  are  not  accompanied  by  a  corresponding  increase 
in  magnesium  salts.  Unfortunately,  these  authors  fail  to  mention  the 
relationship  between  the  elastic  tissue  and  calcification. 

b.  Anthracosis  and  Silicosis 

These  pathological  conditions  have  been  investigated  by  Policard  and 
Doubrow®*  and  by  PoUcard*®.  For  the  quantitative  estimation  of  the 
amounts  of  silica  m  silicotic  nodules,  the  technique  of  micro-incineration 
has  obvious  advantages.  These  authors  have  noted  in  addition  that  the 
iron  content  of  old  haemorrhagic  lesions  in  the  lung  could  be  demon¬ 
strated  in  ash  preparations.  Lecloux«,  when  examining  tubercular 
miners  for  pulmonary  anthracosis,  found  that  the  dust  cells  in  their 
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sputum  contained  an  excessive  amount  of  mineral  particles  after  in¬ 
cineration. 

c.  Cerebral  Lesions 

Cerebral  lesions  of  various  kinds  have  been  examined  by  the  micro¬ 
incineration  technique  by  Alexander  and  Myerson^.  According  to  these 
investigators,  the  inflammatory  lesions  of  syphihtic  encephaHtis  and 
dementia  paralytica  are  all  characterized  by  a  state  of  hyperminerahza- 
tion.  The  ash  accumulates  in  the  nuclei  and  particularly  in  nuclear 
fragments,  as  well  as  in  the  degenerated  remains  of  the  infiltrative  cells. 
The  cytoplasm  of  these  cells,  especially  those  of  ghal  origin,  is  much 
richer  in  calcium-containing  ash  than  that  of  normal  cells  of  similar 
type,  while  the  infiltrative  cells  in  neurosyphilis  are  extremely  rich  in 
iron  oxide.  Alexander  and  Myerson  also  found  that  the  senile  plaques 
in  senile  dementia  and  in  Alzheimer’s  disease  yield  little  or  no  ash  after 
micro -incineration.  A  difference  was  noted  in  the  ash  of  the  neuro¬ 
fibrillar  strands  in  Alzheimer’s  disease,  namely,  an  abnormal  amount 
of  calcium-containing  ash  which  was  soluble,  for  the  most  part,  in  water. 
Later,  these  authors  made  an  extensive  study  of  the  changes  in  mineral 
constituents  of  pathological  brain  tissue  by  combining  the  techniques 
of  spectroscopy  and  micro-incineration.  It  was  found  that  oedematous 
brain  tissue  was  richer  than  normal  brain  tissue  in  both  sodium  and 
calcium,  and  that  this  increase  was  relatively  greater  in  the  white  than 
in  the  grey  matter.  In  dementia  paralytica  there  was  an  increase  of  all 
mineral  substances,  which  was  accompanied  by  a  decrease  in  the  iron  con¬ 
tent  of  the  total  brain  tissue.  It  was  assumed  that  this  finding  indicated 
that  loss  of  iron  was  caused  by  a  decrease  in  the  volume  of  the  vascular 
bed  due  to  a  narrowing  and  obliteration  of  cerebral  vessels,  especially 
the  capillaries.  In  studying  cases  of  lead  encephalitis  Alexander  and 
Myerson  located  excessive  amounts  of  lead,  which  were  concentrated  in 
the  grey  matter  rather  than  in  the  white  matter  of  the  brain. 

d.  Inclusion  Bodies 

Routine  techniques  have  yielded  as  yet  little  data  concerning  the 
chemical  nature  of  the  intracellular  ‘inclusion  bodies’  caused  by  the 
selective  action  of  certain  filterable  viruses  upon  animal  tissues.  Al¬ 
though  much  emphasis  has  been  placed  upon  their  morphology  and 
staining  reactions,  the  examination  of  their  inorganic  composition  has 
given  some  valuable  information.  Owing  to  the  fact  that  most  intra¬ 
nuclear  inclusion  bodies  can  be  inorganically  differentiated  by  micro- 
incineration  from  the  ash  of  the  nucleus,  it  has  been  shown  conclusively 
that  the  inclusion  bodies  are  neither  artefacts  nor  simple  pathologica 
derivatives  of  normal  nuclear  structures.  Scott®^  was  the  first  to  in 
cinerate  material  containing  inclusion  bodies,  and  he  found  that  the 
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large  nuclear  inclusions  caused  by  the  submaxillary  virus  in  guinea- 
pigs  were  almost  ash-free,  while  the  peripheral  chromatin  and  the 
nucleolus  were  abundant  in  mineral  substances.  Cowdry’s  observa¬ 
tions^®  on  the  intranuclear  inclusions  in  the  liver  cells  of  monkeys  in¬ 
fected  with  yellow  fever  showed  that  these  structures  contained  very 
little  ash,  and  that  they  could  be  readily  differentiated  by  their  mineral 
organization  from  both  the  nucleolus  and  the  chromatin.  Co  veil  and 
Danks^^  reported  that  the  cytoplasmic  inclusions  of  rabies  consist  of  a 
compact  inorganic  residue  of  white  calcium  ash.  The  Borrel  bodies  of 
fowl-pox  were  found  by  Danks^®  to  leave  an  abundant  and  charac¬ 
teristic  mineral  residue,  composed  largely  of  calcium.  He  concluded  that 
the  relatively  large  deposits  of  inorganic  material  in  these  structures 
served  as  a  focus  for  the  adsorption  of  the  virus. 

Rector  and  Rector®®  have  demonstrated  that  the  ash  of  the  herpetic 
intranuclear  inclusions  in  the  cerebral  cortex  of  rabbits  varies  according 
to  the  age  of  the  inclusion  body,  the  more  mature  inclusions  containing 
appreciably  less  ash  residue  than  those  which  were  immature.  In  the 
advanced  stages  of  the  disease  the  inclusion  body  leaves  little  or  no 
mineral  residue,  although  the  nuclei  and  chromatin  still  maintain  a 
constant  amount  of  mineral  material,  despite  the  striking  changes  in 
the  cells  resulting  from  the  action  of  the  virus.  A  similar  differentiation 
between  the  ash  resulting  from  the  incineration  of  chromatin,  nucleoli, 
and  inclusion  bodies  has  been  demonstrated  by  Horning  and  Findlay®® 
in  cells  infected  by  the  Rift  Valley  fever  virus.  The  residues  forming 
the  marginated  chromatin  consist  mainly  of  calcium -containing  ash. 
Findlay®®  had  previously  shown  that  these  peripheral  nuclear  aggrega¬ 
tions  of  chromatin  were  due  to  the  action  of  the  virus  upon  the  cell. 
The  nucleoplasm  was  devoid  of  ash,  while  the  nucleolus  formed  a  more 
compact  mass  of  inorganic  material,  with  a  distinct  yellow  tinge  sug¬ 
gesting  the  presence  of  iron  oxide.  The  intranuclear  inclusion  was  re¬ 
presented  by  a  finely  marginated  inorganic  residue,  which  was  typical 
in  appearance  of  the  less  mature  inclusions  of  Herpes  simplex  described 
by  Rector  and  Rector®®.  No  diminution  of  ash  was  observed  in  the  in¬ 
clusion  bodies  of  Rift  Valley  fever  such  as  these  authors  recorded  in  the 
herpetic  inclusions.  Nor  was  any  visible  increase  in  ash  content  of  the 
inclusion  body  detected  during  acute  liver  necrosis,  although  this  was 
shown  to  be  associated  with  a  marked  increase  and  clumping  of  calcium 
salts  in  the  cytoplasm  of  liver  cells.  The  ash  distribution  resulting  from 
liver  necrosis  produced  by  the  virus  of  Rift  Valley  fever  was  compared 
with  the  ash  residue  of  liver  from  uninfected  animals  in  which  necrosis 
had  been  produced  experimentally  by  carbon  tetrachloride  poisoning, 
and  m  malignancy.  Horning  and  Findlay  found  that  the  necrosis  pro¬ 
duced  by  these  agencies,  as  well  as  that  obtained  with  several  other 
types  of  virus  infection,  led  to  a  marked  increase  of  calcium -containing 
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ash  in  the  liver  cells,  followed  by  a  final  disappearance  of  the  inorganic 
residues  accompanying  cellular  degeneration.  The  final  liberation  of  the 
inclusion  body  from  the  disintegrating  nucleus  did  not  influence  the 
incineration  picture  in  the  case  of  material  infected  with  Rift  Valley 
fever.  The  mineral  differentiation  between  the  nucleolus  and  the  in¬ 
clusion  bodies  should  help  to  settle  the  status  of  those  inclusions  which, 
from  the  evidence  of  staining  reaction,  are  thought  to  be  of  nuclear 
origin. 

e.  Neurodermatitis 

MacCardle,  Engman,  and  Engman^®  examined  the  mineral  distribu¬ 
tion  of  skin  specimens  from  83  normal  healthy  persons  of  varying  ages, 
33  patients  suffering  from  disseminated  neurodermatitis,  and  another 
55  with  inflammatory  disease  of  the  skin,  by  means  of  micro -incineration 
and  spectrographic  analysis. 

They  found  marked  variations  in  the  distribution  of  inorganic  salts 
in  the  skin  of  healthy  individuals,  and  were  able  to  correlate  this  fluc¬ 
tuation  with  the  age  factor.  The  epidermal  cells  of  normal  skin  are 
abundant  in  calcium  and  magnesium.  The  nucleoli  of  these  cells  consist 
of  silicon.  A  hypomineralization  is  seen  in  the  skin  of  healthy  children 
up  to  the  age  of  10  years,  after  which  a  pronounced  hypermineralization 
occurs  and  proceeds  slowly  imtil  old  age  is  attained.  The  primary 
mineral  change  which  accompanies  old  age  is  a  shift  of  calcium  and 
magnesium  salts  from  the  deeper  parts  of  the  epidermis  to  the  corneum 
and  the  dermis. 

In  incinerated  active  lesions  of  neurodermatitis  skin,  the  spinous  cells 
contain  minute  amounts  of  calcium  and  magnesium,  but  their  nuclei  are 
free  from  silicon.  The  ash  residue  of  active  lesions  of  localized  neuro¬ 
dermatitis  skin  differs  markedly  from  that  of  chronic  disseminated 
neurodermatitis  in  that  there  occurs  a  mobilization  of  calcium  and  mag¬ 
nesium  salts  to  the  spinous  cells,  whilst  chronic  disseminated  neuro¬ 
dermatitis,  on  the  other  hand,  is  accompanied  by  a  loss  of  these  elements. 
Incinerated  sections  of  healed  neurodermatitis  lesions  show  the  spinous 
cells  rich  in  white  calcium  ash,  and  their  nuclei  are  characterized  by 
abundant  silicon. 

These  authors  contend  that  during  the  healing  process  the  spinous 
cells  regain  their  ability  to  retain  biologically  sufficient  quantities  of 
calcium,  magnesium,  and  intra-nuclear  silicon,  and  also  that  silicon  is 
associated  with  the  development  and  abatement  of  neurodermatitis 

lesions. 

f.  Pemphigus  Lesions 

MacCardle,  Baimiberger,  and  HeroId«  examined  the  skin  of  patients 
suffering  from  pemphigus  lesions,  and  found  that  the  outer  third  o  e 
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dermis  contained  abundant  silicon.  The  abnormal  amount  of  silicon 
in  the  dermis  appears  to  have  been  mobilized  from  the  deeper  dermis 
and  to  be  deposited  in  large  quantities  as  sihcocalcareous  compounds 
in  the  outer  third  of  the  dermis.  They  contend  from  the  micro -incinera¬ 
tion  and  spectrographic  analytic  studies  that  the  mobilization  of  silicon 
and  magnesium  and  calcium  to  the  outer  third  of  the  dermis  is  a 
generahzed  phenomenon  in  pemphigus  skin,  not  only  in  active  lesions 
but  also  in  the  unaffected  areas. 

Incinerated  pemphigus  skin,  regardless  of  age,  shows  that  the  dermis 
contains  an  excessive  amount  of  silicon  in  the  peripheral  layer  over  that 
in  normal  skin.  From  these  studies  they  contend  that  in  pemphigus 
skin  silicon  is  not  only  mobihzed  from  one  stratum  of  the  dermis  to 
another,  as  shown  by  micro -incineration,  but  is  mobilized  in  the  skin 
from  the  rest  of  the  system,  as  revealed  in  the  spectrogram  by  this  in¬ 
crease  in  silicon  in  the  whole  skin.  Also,  they  found  that  the  iron  content 
in  cases  of  pemphigus  was  higher  than  in  normal  skin.  Their  calcula¬ 
tions  show  that  pemphigus  skin  contains  twice  as  much  iron  as  the 
normal  healthy  skin  does.  As  shown  by  micro -incineration  and  spectro- 
analysis,  a  large  proportion  of  this  iron  in  pemphigus  skin  is  located  in 
the  intercellular  fibrils  and  in  the  cellular  components  of  the  connective 
tissue  of  the  dermis.  They  contend  that  the  excess  iron  in  pemphigus 
skin  is  for  the  most  part  already  in  the  form  of  an  active,  organically  bound 
intracellular  compound  similar  to  cytochrome  or  Macallum’s  nucleo- 
protein  iron  compound.  They  conclude  that  it  is  probably  active  in  some 
oxidative  mechanism,  and  also  suggest  that  pemphigus  skin  has  a  higher 
oxidative  rate. 


g.  Neoplastic  Growths 

The  question  as  to  whether  mafignancy  involves  an  increase  or  dimi¬ 
nution  in  the  mineral  content  of  tissues  was  finally  decided  by  the 
application  of  the  micro -incineration  method.  The  locahzation  and 
orientation  of  the  inorganic  salts  in  normal  and  neoplastic  cells  in  situ 
has  been  investigated  by  many  workers.  Pohcard  and  Doubrow®®  first 
exa  mined  t  umour  tissues  by  the  micro -incineration  technique  and  were 
impressed  by  the  fact  that  cancerous  tissues  remain  carbonized  longer 
than  normal  tissues.  Scott  and  Horningio2  studied  human  meduUary 
duct  carcinomata  of  the  breast  together  with  several  examples  of  scir¬ 
rhous  types^  It  was  shown  that  the  infiltrating  new  growths  were 
characterised  by  a  heavy  deposition  of  mineral  salts,  and  in  comparison 

contain  a  reLvely 

^eater  amount  of  mineral  ash.  especiaUy  of  calcium  and  iron  oxides 

lineTmZf  '"ere  not  only  richer  in  ash  but  coni 

tamed  more  iron  than  the  nuclei  of  normal  healthy  duct  cells  The 
nuclear  ash  was  concentrated  along  the  nuclear  meiifbrane 
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Further  investigations  on  the  mineral  organization  of  a  series  of 
human  neoplastic  growths  have  been  made  by  Olch®®  and  by  Olch  and 
Scott®^,  in  which  they  likewise  described  differences  in  the  ash  distribu¬ 
tion  between  normal  and  malignant  growths.  Human  naevi  and  hyper¬ 
keratoses  were  reported  to  possess  a  bluish  ash  in  the  areas  of  epithelial 
proliferation,  which  probably  indicated  an  increased  content  of  sodium. 
These  authors  made  no  mention  of  the  presence  of  iron  oxide  in  the 
incinerated  sections  of  naevi.  Horning  and  Lamb®'^  examined  human 
melanomata  arising  from  the  skin  and  from  the  choroid  coat  of  the 
eyeball.  The  pigment  of  the  melanotic  sarcomata  of  the  eye  yielded  an 
iron-containing  residue,  while  the  numerous  pigmented  naevi  were  op¬ 
tically  devoid  of  iron.  This  was  of  interest,  since  the  opinion  is  generally 
held  that  all  melanomata  contain  variable  amounts  of  free  iron  pigment. 

Hamp2®  studied  by  micro -incineration  an  ameloblastoma,  a  slow- 
growing  tumour  of  the  jaw.  Histologically  these  neoplasms  closely  re¬ 
semble  that  of  the  developing  enamel  organ,  but  it  is  generally  contended 
that  they  are  incapable  of  forming  enamel.  By  examining  the  quantity, 
quality,  and  distribution  of  the  mineral  deposits  of  this  tumour  he  was 
able  to  come  to  the  conclusion  that  the  neoplastic  cell  is  capable  of 
forming  enamel. 

Alexander  and  Myerson^  examined  tumours  of  the  brain,  gliomatous 
as  well  as  metastatic  varieties,  and  confirmed  the  findings  of  Scott  and 
Horningi®^^  especially  with  regard  to  the  increased  nuclear  accumula¬ 
tions  of  iron-containing  ash  in  tumour  cells.  They  also  reported  that 
all  tumour  cells  were  extremely  rich  in  mineral  substances  when  com¬ 
pared  with  normal  brain  cells.  It  was  further  found  that  most  of  the 
increased  white  cytoplasmic  ash  and  the  yellow  nuclear  ash  of  malignant 
brain  cells  were  insoluble  in  water.  These  authors  concluded  that  the 
increased  mineral  content  of  tumour  cells  might  possibly  play  a  role  in 
X-ray  sensitivity.  Alexander  and  Myerson®,  in  a  later  communication, 
confirmed  certain  of  their  findings  by  using  spectrographic  analysis  with 
micro-incineration.  They  found  that  the  ash  of  meningiomata  was  10 
times  richer  in  calcium  than  the  normal  grey  matter,  while  other  mineral 
substances  were  diminished  in  concentration.  The  mineral  ash  of  a 
spongioblastoma  of  a  mixed  type,  with  a  good  deal  of  protoplasmic 
astrocyte  differentiation,  showed  more  potassium  but  less  magnesium 
and  phosphorus  than  normal  grey  matter. 

Micro-incineration  studies  on  tar  tumours  of  rodents  have  also  been 
described  by  Horning®^.  Detailed  comparisons  were  recorded  between 
the  ash  of  the  hypertrophied  tarred  skin  in  mice  and  that  of  the  under¬ 
lying  carcinoma  cells  in  their  varying  degrees  of  differentiation.  Varia¬ 
tions  in  the  mineral  residues  which  accompany  the  skin  hyperplasia  and 
the  subsequent  development  of  tumour  cells  were  observed.  An  increase 
of  calcium  ash  was  found  consistently  in  the  malignant  and  also  in  the 
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hypertrophied  stroma  cells  (see  Plate  5,  Figs.  1  and  2),  In  this  respect 
the  tar  tumours  stand  in  contrast  to  those  previously  recorded,  in  which 
an  increase  of  .ash  was  found  only  in  the  malignant  cells.  The  changes 
in  the  inorganic  content  of  the  epidermis  during  the  process  of  kerati- 
nization  were  observed.  An  increase  in  calcium  ash  in  the  cell  nests 
involved  in  this  process  leads  to  an  obliteration  of  all  cellular  indi¬ 
viduality  in  the  ash.  The  iron -containing  yellow  ash  of  keratin  can  be 
traced  amongst  the  flat  white  calcium  ash  of  the  disintegrating  necrotic 
tumour  cells.  The  fully  formed  keratin  pearls  consist  of  a  series  of 
concentrically  orientated  residues  of  deep  yellow  ash. 

Cowdryi®  examined  the  mineral  changes  occurring  during  skin  hyper¬ 
plasia  in  mice  induced  by  treatment  with  20-methylcholanthrene.  In 
a  40-day  hyperplasia,  white  ash,  consisting  of  calcium  and  magnesium, 
was  abundant  and  evenly  distributed  throughout  the  cytoplasm. 
Changes  in  the  mineral  distribution  of  the  ash  became  apparent  in 
specimens  of  skin  50  days  after  treatment,  the  mineral  constituents 
becoming  more  concentrated  in  the  stratum  corneum  and  reduced  in 
the  stratum  spinuosum,  whilst  no  changes  above  normal  appeared  in 
the  epithelial  pegs.  As  hyperplasia  progressed,  Cowdry  reports  a  de¬ 
crease  in  mineral  salts  in  the  spinous  cells,  which  was  characterized 
by  a  retention  of  ash  in  the  single  layer  of  the  basal  cells.  In  some  pre- 
cancerous  skin  lesions  hypomineralization  of  the  spinous  cells  becomes 
more  widespread  and  uniform.  Cowdry  also  reported  a  correlation 
between  white  nuclear  calcium  ash  in  pre-cancerous  skin  lesion  and 
thymonucleicacid.  Scott^®®  contends  that  malignant  cells  reveal  changes 
in  their  mineral  distribution  unlike  their  normal  prototypes.  He  states 
that  cells  forming  epithelial  proliferations  in  chronic  cystic  mastitis,  and 
in  human  skin  and  breast  cancer,  possess  less  calcium  deposits.  Appa¬ 
rently  the  amounts  of  calcium  ash  present  are  dependent  upon  the 
pathological  condition  of  the  individual  tumour  cells  at  the  time  of 
incineration.  In  actively  growing  tumours,  cells  undergoing  degenera¬ 
tive  changes  contain  more  calcium  and  magnesium  residue  in  their 
cytoplasm  than  do  younger  and  healthier  cells  in  the  same  neoplasm. 
Healthier  and  actively  growing  malignant  cells  are  frequently  charac¬ 
terized  by  a  hypomineralization.  This  difference  in  mineral  content 
between  healthy,  actively  proliferating  and  older,  degenerating  malig¬ 
nant  cells  comprising  the  same  growth  is  of  interest,  and  is  a  field  in 
which  more  work  with  this  technique  should  be  carried  out. 

A  relationship  between  the  ash  content  of  the  nuclei  of  tumour  cells 
and  radio-sensitivity  has  been  suggested  by  Cathie  and  Davsoni^.  They 
claim  to  have  demonstrated  that  the  degree  of  radio -sensitivity  of 
tumour  cells  is  dependent  upon  the  amount  and  arrangement  of  the 
nuclear  inorganic  material  within  the  malignant  cells.  In  support  of 
their  contention  they  quote  the  work  of  Lieber^®,  who  has  shown  that 
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the  more  malignant  the  tumour  cell  the  greater  the  potassium/calcium 
ratio.  The  results  of  Cathie  and  Davson  show  that  there  are  differences 
in  the  amounts  and  distribution  of  the  nuclear  ash  between  the  less 
radio-sensitive  squamous-celled  carcinomata  and  the  more  radio-sensi¬ 
tive  basal-celled  tumours.  These  types  of  tumours  were  selected  because 
they  showed,  within  reasonable  limits,  a  constant  difference  of  sensi¬ 
tivity  to  radiation.  The  radio -sensitive  basal-celled  epitheliomata  were 
found  to  possess  a  larger  nuclear  ash  content  than  the  less  radio-sensi¬ 
tive  tumour  cells.  Later,  Cathie^^  introduced  the  photo-electric  method 
for  obtaining  more  accurate  comparative  measurements  of  nuclear  ash 
differences.  Nineteen  cases  of  human  new  growths,  of  which  the  radia¬ 
tion  lethal  dosage  was  accurately  known,  were  selected  for  these  experi¬ 
ments.  These  results  confirmed  the  former  findings  of  Cathie  and 
Davson  that  the  inorganic  nuclear  ash  could  be  employed  as  an  index 
of  tumour  radio-sensitivity. 

The  action  of  radium  radiations  upon  the  inorganic  structure  of 
tumour  cells  has  been  investigated  by  Horning®^.  Incinerated  sections 
of  adeno -carcinoma  27,  a  transplantable  mouse  tumour,  were  examined 
after  periods  ranging  from  4  hours  to  24  days  following  radium  applica¬ 
tion.  An  increase  in  white  calcium  ash  was  detected  as  soon  as  4  to  6 
hours  after  radiation.  This  phenomenon  was  maintained  in  the  cyto¬ 
plasm  24  hours  after  radium  treatment,  and  was  accompanied  by  a 
marked  cellular  hypertrophy  on  the  3rd  day.  The  maximum  increase 
of  mineral  salts  occurred  on  the  6th  day  following  irradiation,  at  which 
time  degenerative  areas  were  found  in  all  tumour-cell  masses.  The  final 
disintegration  phases  of  the  dying  tumour  cells  were  characterized  by 
alterations  in  the  inorganic  constituents  in  the  form  of  a  marked  in¬ 
crease  in  calcium -containing  ash.  When  reviewing  these  results  it  must 
be  considered  whether  the  increase  in  mineral  salts,  so  conspicuous  in 
tumour  cells  as  soon  as  4  to  5  hours  after  radium  treatment,  is  due  to 
the  immediate  action  of  the  rays  or  to  a  secondary  phenomenon  follow¬ 
ing  cell  degeneration.  In  this  respect  it  is  interesting  to  note  that  Lud- 
ford^®,  using  a  similar  radium  applicator  for  the  same  period,  recorded 
definite  cytological  changes  in  the  malignant  cells  of  adeno-carcinoma  27 
after  40  minutes  irradiation.  It  might  therefore  be  concluded  that  the 
increase  in  ash  observed  after  4  hours’  irradiation  was  the  result  of  a 
direct  action  upon  the  cancer  cell.  The  maximum  increase  in  calcium- 
containing  ash,  detected  5  to  6  days  after  radium  treatment,  was  appa 
rently  due  to  a  combined  effect  of  the  direct  action  of  the  rays,  together  with 
an  indirect  effect  upon  the  stroma  and  tumour  parenchyma,  previously 
described  by  Bashford,  Murray,  and  Cramer  and  Cramer^  and  Cramer^ . 
The  gradual  and  extensive  development  of  the  stroma  and  the  destruc 
tion  of  the  blood-vessels  influenced  by  radium  treatment  w'ould  obviously 
lead  to  degeneration  and  necrosis.  These  aspects  of  the  problem  were 
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clearly  revealed  by  the  micro-incineration  process.  The  marked  increase 
in  calcium  ash  in  necrotic  areas  of  the  irradiated  tumours  was  similar 
to  that  previously  reported  by  Scott  and  Horning^®^  in  human  duct 
carcinoma  of  the  breast. 

At  present  it  is  difficult  to  explain  these  findings,  especially  the  in¬ 
crease  of  calcium  ash  in  tumour  cells  following  short  intervals  after 
radiation,  but  it  seems  obvious  that  any  increase  in  calcium  can  only 
come  from  the  blood-stream,  in  which  case  the  radium  radiations  might 
affect  the  permeability  of  the  cell  membranes  in  such  a  manner  as  to 
allow  an  increased  penetration  of  calcium  ions  into  the  malignant  cells. 
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I'lG.  I.  Photograph  of  electric  rpmrtz  incinerator.  A  =  ammeter,  I>  =  door,  nned  for  regulating  current  of 
nir,  Q  =  fpiartz  tul)c  .surrounded  hy  heating  element,  S  —  silica  slabs  on  which  the  glass  slides  hearing  the 
sections  rest  inside  the  furnace,  H  =  rlieostat  l)y  which  the  temperature  of  the  a])paratus  is  controlled 
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Fig.  1.  Photomicrograph  of  control  section,  cut  through  the  rectum  of  liana  piptens, 
infected  with  Opalinids  and  Nyctotherus  cordiformifi.  The  vegetative  granules  in 
the  elongated  Opalinids  and  the  macronuclei  in  the  NycfotJterus  are  clearly  shown 


f'lG.  2.  Incinerat(>d  s('ct  ion.  similar  to  (Ik'  al)ov('.  pliotograjiht'd  hy  dai  k-held  illumin¬ 
ation.  'I'Ik'  \  e<i('t at  i\’('  gramilt's  l('a\  e  residue's  nl  white'  e'ale-ium-e’outiuuiug  a-'h 
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PC  =  protoiii  coagiihini.  IC  =  Tntralolxilar  ooniicctivo  tissiip. 

GE  =  glaiiilular  opithclial  cell.  Sl''l>  =  Space  once  occupicil  liy  fat. 
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Fig.  1.  PhotoniicTograph  by  diroct  illumination  of  a  con¬ 
trol  .section  of  a  inou.se  tar  tuinoui',  stained  with  Frhlicli's 
haematoxylin,  after  fixation  in  alcohol-formalin,  showing 
the  tarred  skin,  the  stroma,  and  the  underlying  tumour  cells 


Fig.  2 
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Incinerated  section,  similar  to  above,  idiotographed  by 
dark-field  illumination 
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CHAPTER  VIII 

ENZYME  SYSTEMS  OF  CELLS 

By  H.  BLASCHKO  and  \v.  jacobson 

Revised  by  h.  blasciiko  and  f.  k.  sanders 

INCREASED  understanding  of  the  metabolic  reactions  in  cells  has 
made  the  central  position  of  intracellular  enzymes  increasingly  clear. 
Cell  metabolism,  catalysed  by  intracellular  enzymes,  is  the  main  theme 
of  modern  text-books  of  biochemistry  (e.g.  Baldwin^®).  Similarly,  the 
structural  features  of  the  cell  must  depend  on  the  presence  of  catalysts 
which  regulate  the  synthesis  of  their  component  materials. 

Specific  differences  between  cells  must  therefore  find  their  explana¬ 
tion  in  differences  in  the  enzymic  equipment.  The  enzymic  equipment 
is  an  individual  characteristic  of  the  cell;  both  inheritance  and  environ¬ 
ment  will  determine  it.  Enzyme  formation  is  thus  expected  to  be  gene- 
controlled,  but  also  to  be  dependent  on  other  factors. 

i.  Gene  Control  of  Enzyme  Formations 
a.  Micro-organisms 

The  study  of  genes  in  micro-organisms  in  connexion  with  the  enzymic 
equipment  has  repeatedly  been  fully  discussed;  the  reader  is  referred 
to  the  Symposium  on  heredity  and  variation  in  micro-organisms  (2)  and 
to  the  Conference  on  gene  action  in  micro-organisms^. 

Gene  mutations  have  been  studied  which  manifest  themselves  in 
metabolic  differences  between  parent  organisms  and  offspring.  Such 
metabolic  mutants  have  been  produced  artificially,  e.g.  by  radiation. 
Under  these  conditions  cells  may  have  been  found  to  have  arisen  which 
differ  from  the  parent  strain ;  they  will  grow  only  in  a  medium  which 
contains  a  substance  not  required  by  the  parent  strain.  The  fungus 
Neurospora  is  a  particularly  well-studied  organism,  as  it  is  relatively 
easy  to  obtain  and  propagate  the  offspring  from  single  cells  (see  review 
by  Beadle^^).  Mutant  strains  of  Neurospora  have  been  produced  which 
require  one  particular  amino-acid  (e.g.  lysine  or  tryptophan  or  arginine) 
or  one  of  the  members  of  the  B  group  ■of  vitamins  (e.g.  pyridoxine).  It  is 
assumed  that  a  mutant  strain  is  unable  to  perform  the  synthesis  of  one 
substance  which  the  parent  strain  can  produce.  The  parent  organism 
contains  an  enzyme  essential  for  the  synthesis;  the  mutant  strain  is 
deficient  in  this  enzyme.  The  mutant  of  Neurospora,  which  requires 
the  presence  of  pyridoxine,  has  been  used  for  the  assay  of  this  substance: 
with  low  concentrations,  the  amount  of  pyridoxine  added  becomes  the 
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limiting  factor  for  growth ;  growth  in  the  presence  of  an  unknown  amount 
of  pyridoxine  can  be  compared  with  growth  in  the  presence  of  known 
amounts  of  added  pyridoxine^®®. 

Deficient  mutants  are  of  interest  in  the  study  of  intermediary  meta¬ 
bolism,  as  they  often  give  an  indication  as  to  the  sequence  of  chemical 
reactions  in  the  synthesis  of  a  cell  constituent.  A  substance  Z  may  arise 
in  the  cell  from  an  ultimate  precursor  X  by  a  number  of  steps;  in  the 
example  given,  there  are  two  steps,  (a)  and  (d): 


a 


Z 


Each  step  will  require  its  own  specific  catalyst.  The  chain  of  reactions 
leading  from  X  to  Z  may  be  broken  either  at  a  or  at  b.  If  the  catalyst 
responsible  for  step  a  is  absent,  substance  Y  will  be  able  to  replace  Z 
in  the  nutrient  medium.  Substance  Y  will  not  be  able  to  replace  Z  if 
the  mutant  strain  is  deficient  in  the  enzyme  required  for  step  b.  An 
example  of  this  kind  may  be  quoted  from  Neurospora,  where  two  mu¬ 
tants  exist  which  differ  from  the  wild  strain  in  their  requirement  for 
tryptophan.  Both  strains  will  grow  when  tryptophan  is  present  in  the 
medium.  One  of  the  strains  will  grow  also  when  tryptophan  is  replaced 
by  anthranilic  acid,  but  with  the  other  strain  tryptophan  cannot  be 
replaced  by  anthranilic  acid.  It  is  therefore  concluded  that  anthranilic 
acid  is  a  normal  precursor  of  tryptophan  in  Neurospora: 


f^^,-€OOH 


Enzyme  1 


-NH, 


Enzyme  2 


-N- 

H 


C— CHNH2— COOH 


Anthranilic  acid  Tryptophan 

A  strain  deficient  in  enzyme  1  which  is  necessary  for  the  synthesis  of 
anthranilic  acid  will  grow  in  the  presence  of  either  tryptophan  or  an¬ 
thranilic  acid;  a  strain  deficient  in  enzyme  2  essential  for  the  formation 
of  tryptophan  from  anthranilic  acid  will  not  grow  when  tryptophan  is 
replaced  in  the  medium  by  anthranilic  acid.'  Many  examples  of  meta- 
bohc  reactions  could  be  quoted  where  the  study  of  growth  requirements 
in  mutants  has  helped  the  biochemist  to  understand  the  sequence  of 
reactions  which  occur  in  the  bio-synthesis  of  a  cell  constituent. 

Deficient  strains  are  interpreted  as  gene  mutants,  and  this  makes 
them  of  interest  in  the  study  of  inheritance  in  micro-organisms.  The 
first  observation  on  gene  recombination  was  made  by  Lederberg  and 
Tatumi2i  in  Escherichia  coli.  The  authors  used  two  strains  of  this 
organism,  which  showed  multiple  gene  mutations.  One  strain  had 
the  following  three  deficiencies:  it  required  the  presence  of  thiamin. 
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threonine,  and  leucine;  the  other  strain  required  these  three  substances: 
biotin,  phenylalanine,  and  cysteine.  Both  strains  were  grown  together, 
and  from  the  mixed  cultures  a  number  of  new  deficient  strains  were 
isolated.  Among  these  there  were  three  strains  which  exhibited  double 
deficiencies.  One  of  these  strains  required  both  biotin  and  leucine,  one 
required  both  biotin  and  threonine,  and  the  third  required  both  biotin 
and  thiamin.  Each  of  these  strains  combined  deficiencies  of  which  one 
was  derived  from  each  ‘parent’  strain.  This  experiment  furnishes  sup¬ 
port  for  the  occurrence  in  bacteria  of  gene  recombination  similar  to 
that  occurring  in  organisms  which  exhibit  sexual  reproduction. 

The  study  of  spontaneous  mutations  is  facihtated  in  micro-organisms 
by  the  rapid  succession  of  generations  and  by  the  ease  with  which  large 
numbers  of  single  organisms  are  obtained.  Here,  too,  the  study  of 
growth  requirements  reveals  enzymic  or,  more  precisely,  metabohc 
mutants.  The  mutant  may  differ  from  the  parent  organism  in  that  it 
does  not  require  a  constituent  of  the  medium  which  the  parent  organism 
requires  (‘non -ex acting  mutant’)  or  the  mutant  may  require  a  substance 
which  the  parent  organism  can  synthesize  (‘exacting  mutant’).  For 
non-exacting  mutants,  selection  is  favoured  when  the  organism  is  grown 
in  a  medium  poor  or  deficient  in  a  particular  constituent.  This  process 
of  selection  is  often  referred  to  as  ‘training’,  because  the  organism  ap¬ 
pears  to  have  been  taught  to  do  without  this  constituent  of  the  medium. 
A  well -studied  instance  is  known  for  the  organism  which  causes  typhoid 
fever  in  man,  Eberthella  typhosa,  which  has  been  examined  by  Fildes 
and  his  colleagues®®.  Most  pathogenic  strains  of  this  organism  are  exact¬ 
ing  towards  the  amino-acid  tryptophan.  By  repeated  subcultivation 
in  media  successively  poorer  in  tryptophan  strains  were  obtained  which 
did  not  require  tryptophan.  The  organism  was  said  to  have  been  trained 
to  do  without  added  tryptophan.  The  non -exacting  strain  differs  from 
the  parent  organism  in  that  it  contains  an  enzyme  essential  in  the  forma¬ 
tion  of  indole  from  anthranihc  acid: 


- nw 


COOH 


H 

Indole 


Anthranilio  acid 


This  reaction  is  believed  to  be  one  of  the  steps  in  the  synthesis  of 
tryptophan  in  this  organism.  Fildes  and  Whitaker®®  have  recently 
shown  that  the  appearance  of  non-exacting  cells  does  not  depend  upon 
the  environmental  changes,  but  on  the  numbers  of  cells  per  generation. 
Non-exacting  cells  were  found  to  be  present  in  the  ratio  of  one  to  2  x  10® 
to  10®  cells;  the  deficient  medium  facilitated  the  selective  propagation 
of  the  non-exacting  cells. 
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In  the  interpretation  of  the  spontaneous  variability  of  micro-organisms 
as  gene  mutations,  the  occurrence  of  a  mutation  is  assumed  as  deter¬ 
mined  by  the  mutation  rate,  i.e.  by  the  probability  of  a  mutation  per 
bacterium  per  generation  (Luria^^®). 


6.  Metazoa 

In  higher  organisms,  individual  differences  in  metabolic  performance 
in  a  species  are  often  interpreted  as  genetically  controlled  differences 
in  enzyme  formation.  The  enzymes  involved  are  usually  not  known, 
but  in  some  instances  the  inheritance  of  enzyme  differences  in  a  species 
has  been  studied.  It  has  long  been  known  that  in  the  blood  of  some 
rabbits  atropine  is  rapidly  hydrolysed.  This  is  due  to  the  presence  of 
an  enzyme,  tropinesterase,  which  catalyses  the  hydrolysis  of  atropine, 
with  the  formation  of  tropine  and  tropic  acid: 


CHa— CH - CH2 

N.CH3  CHO.CO.CH.CHaOH-f  HjO 
CHg— CH - CH2  CeHg 


Atropine 


> 


CH2— CH - CHg 

N.CH3  CHOH-f  HOOC.CH.CH2OH 
CH2— CH - CH2  CeHs 

Tropine  Tropic  acid 


It  has  been  shown  that  the  presence  of  this  enzyme,  which  is  present  in 
about  one  out  of  twelve  rabbits,  is  inherited  as  a  Mendelian  character^^^. 

The  analysis  of  the  control  of  pigment  formation  in  the  eyes  of  certain 
insects  provides  an  instance  where  the  reaction  controlled  by  the  gene 
seems  to  be  established,  although  the  enzyme  is  not  known.  In  the 
meal  moth  Ephestia  kilhniclla  and  in  the  fly  Drosophila  melanogaster 
there  exist  races  which  differ  from  the  wild  specimens  in  that  the  dark 
eye  pigments  present  in  the  latter  are  not  formed.  These  deficiencies 
are  gene-controlled.  It  was  shown  by  Kiihn  for  Ephestia  that  in  the 
larvae  of  the  light-eyed  mutant  darkening  of  the  eyes  could  be  brought 
about  by  an  implantation  of  tissue  from  dark-eyed  specimens.  Similarly, 
in  the  red-eyed  race  of  Drosophila,  called  ‘vermihon’,  the  absent  gene 
‘v+’  could  be  replaced  by  a  substance  formed  in  the  wild  brown -eyed 
insect  (see  review  by  Beadle^^).  The  substance  absent  in  the  deficient 
varieties  was  shown  to  be  closely  related  to  tryptophan.  This  v+-subs- 
tance  is  probably  identical  with  kynurenine,  an  amino-acid  derived 
from  tryptophan  which  is  also  found  in  mammals  as  a  breakdown 
product  of  tryptophan.  Its  chemical  constitution  has  been  determined 
by  Butenandt  and  his  colleagues^^.  It  has  also  been  shown  that 
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the  amino-acid  a-hydroxytryptophan  will  replace  the  v+-substance  in 
Drosophila,  and  the  following  sequence  of  reactions  has  therefore  been 
proposed: 


- C— CH2— CHNH.— COOH 

II  ^  ^ 


H 


Tryptophan 

— C— CH2— CHNHo— COOH 

II  " 


a-hydroxytryptophan 

i 

-CO .  CH2— CHNH2— COOH 


Kynurenine 

I 

Eye  pigments  (‘ommochromes’) 


Since  a-hydroxytryptophan  will  replace  the  v*  -substance  it  seems  that 
the  enzymic  deficiency  in  the  ‘deficient’  mutants  of  Ephestia  and  Droso¬ 
phila  is  to  be  found  in  the  absence  of  the  enzyme  which  catalyses  the 
oxidation  of  tryptophan  to  a-hydroxytryptophan.  Such  an  enzyme  is 
not  known,  but  it  seems  possible  that  it  is  part  of  an  enzyme  system 
occurring  in  the  mammalian  liver  and  described  as  ‘tryptophan  pyrro- 
lase’  by  Kotake  and  his  colleagues^^'*;  it  catalyzes  the  formation  of 
kynurenine  from  tryptophan.  L-a-hydroxy tryptophan  has  been  found 
in  nature  as  a  constituent  of  phalloidin,  the  poison  of  the  toadstool 
Amanita  phalloides;  phalloidin  is  a  polypeptide  and  a-hydroxytrypto¬ 
phan  is  one  of  its  hydrolysis  products^®^. 

The  inherited  metabolic  disorders  in  man  and  other  mammals  present 
other  instances  of  gene-controlled  metabolic  deficiencies  often  explained 
as  enzymic  deficiencies.  Alcaptonuria  in  man  is  a  much  studied  condi¬ 
tion  of  this  kind.  In  the  urine  of  the  alcaptonuric  subjects  a  reducing 
substance  is  excreted  which  has  been  identified  as  homogentisic  acid. 
In  the  affected  subject,  an  increased  intake  of  the  amino-acid  tyrosine 
is  followed  by  an  equivalent  increase  in  the  excretion  of  homogentisic 
acid.  Administered  to  a  normal  subject,  homogentisic  acid  is  com¬ 
pletely  metabolized,  but  in  the  alcaptonuric  subject  it  reappears  quanti- 
tively  in  the  urine.  On  the  basis  of  these  facts,  homogentisic  acid  is 
generally  considered  as  a  normal  intermediate  in  the  oxidative  break¬ 
down  of  tyrosine;  alcaptopuria  is  interpreted  as  a  condition  in  which 
the  enzyme  responsible  for  the  oxidative  removal  of  homogentisic  acid 
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is  absent’^.  In  other  words,  in  alcaptonuria  homogentisic  acid  appears 
as  an  end  product  of  tyrosine  metabolism. 


H0< 


— CH2— CHNHa 
COOH 

Tyrosine 


HO 


H2— COOH 


OH 

Homogentisic' acid 


>  water -1- 
carbon 
dioxide 


Alcaptonuric  subjects  have  been  much  in  demand  for  the  study  of  the 
intermediary  metabolism  of  tyrosine:  a  compound  suspected  of  being 
an  intermediate  on  the  way  from  t3Tosine  to  homogentisic  acid  must 
be  expected  to  be  excreted  as  homogentisic  acid  in  the  alcaptonuric 
subject.  In  fact,  there  exist  quite  a  number  of  substances  which  fulfil 
these  conditions,  and  their  rival  claims  to  be  considered  as  normal  inter¬ 
mediary  metabolites  are  still  under  discussion 

It  is  known  that  the  deficiency  in  alcaptonuria  is  gene-controlled. 
The  mode  of  breakdown  of  homogentisic  acid  in  the  normal  subject, 
however,  is  not  known,  and  the  existence  of  an  enzymic  deficiency'  is 
therefore  still  hypothetical. 

A  gene-determined  metabolic  deficiency'  cannot  always  be  easily  ex¬ 
plained  by  the  absence  of  an  enzyme.  In  the  Dalmatian  coach-hound 
uric  acid  is  excreted  as  an  end  product  of  purine  metabolism;  in  most 
other  dogs  allantoin  takes  the  place  of  uric  acid.  The  excretion  of  uric 
acid  is  inherited  as  a  recessive  character,  controlled  by  a  single  gene^®L 
Allantoin  is  formed  from  uric  acid  by  the  enzyme  uricase  which  cata¬ 
lyses  the  reaction: 


HN— C=0 

I  I 

0=C  C-NH  +  2H2O  -f  O2 

I  I  >c=0 

HN— C— NH 

Uric  acid 


NH2 

0=C  CO-NH  +  CO^  +  H.O, 

I  I  >c=o 

HN— CH— NH 

Allantoin 


It  might  be  expected  that  the  Dalmatian  dog  is  poor  in  uricase.  This,  how¬ 
ever,  IS  not  the  case:  the  enzyme  is  present, but  this  breed  is  unable  to 
reabsorb  uric  acid  in  the  renal  tubules  (for  literature  see  Rimington^^®). 


ii.  Non-genetic  Control  of  Enzyme  Formation 
a.  Adaptation  in  Micro-organisms 

In  bacteria  and  other  micro-organisms  many  instances  are  known 
where  formation  of  an  enzyme  is  dependent  on  environmental  condi¬ 
tions.  Karstromio4  first  distinguished  two  types  of  enzyme,  ‘constitutive’ 

and  adaptive.  Constitutive  enzymes  are  formed  in  the  cell  in  the  absence 

as  well  as  in  the  presence  of  their  substrates:  adaptive  enzymes  are 
formed  only  when  their  specific  substrates  are  present  in  the  medium. 


328 


ENZYME  SYSTEMS  OF  CELLS 

Examples  of  adaptive  enzymes  are  the  bacterial  amino-acid  decarb¬ 
oxylases  and  some  of  the  enzymes  concerned  in  the  fermentation  of 
carbohydrates  (other  than  glucose)  in  yeasts.  Adaptive  enzymes  are 
often  found  fully  developed  in  the  first  generation  of  cells  grown  in  a 
medium  containing  the  specific  substrate;  conversely,  enzymic  activity 
disappears  rapidly  when  growth  occurs  in  the  absence  of  substrate. 
This  often  serves  as  a  criterion  by  which  the  process  of  adaptation  is 
distinguished  from  ‘  training 

It  is  assumed  that  the  ability  of  a  cell  to  form  an  adaptive  enzyme 
is  an  inherent  character  of  the  cell  and  that  it  is  gene-controlled;  in  the 
absence  of  substrate  the  amounts  of  enzyme  are  so  small  that  they 
cannot  usually  be  measured.  This  finds  support  in  observations  by 
Gale"^^  that  in  Streptococcus  faecalis  small  but  measurable  amounts  of 
L-tyrosine  decarboxylase  are  formed  in  the  absence  of  added  substrate. 

To  what  extent  ‘training’  and  adaptation  are  responsible  for  the 
changes  of  metabolic  activities  of  cells  is  still  under  discussion.  In 
particular,  this  is  so  in  the  phenomenon  of  drug  resistance  in  micro¬ 
organisms,  to  which  both  adaptive  processes  in  individual  cells  and 
selection  of  mutant  strains  contribute®®’^^®’^®^. 

It  has  been  claimed  that  in  hybrids  of  Sacchuromyces  formation  of 
adaptive  enzymes  will  continue  even  in  the  absence  of  the  genes  neces¬ 
sary  for  enzyme  formation^®®.  This  is,  however,  not  generally  accepted, 
and  the  experimental  basis  of  the  ‘cytogene’  theory  of  enzyme  forma¬ 
tion  has  been  criticized  by  Winge  and  Roberts^®®,  who  do  not  consider 
the  occurrence  of  gene-independent  enzyme  formation  as  established. 

b.  Enzyme  Equipment  of  Somatic  Cells 

In  metazoa,  the  enzymic  equipment  of  different  cells  of  the  same 
individual  organism  differs  as  widely  as  do  the  structural  features.  As 
in  micro-organisms,  it  is  the  potential  metabolic  activity  of  the  cells 
which  is  determined  by  the  genes;  their  actual  enzyme  content  is  con¬ 
trolled  by  those  factors  which  bring  about  cell  differentiation.  Very 
little  is  known  about  the  mechanism  by  which  these  factors  become 
effective.  A  classification  of  enzymes  corresponding  to  that  made  for 
micro-organisms  has  not  been  made.  It  seems  uncertain  if  enzymes 
could  be  found  which  are  present  in  all  cells  of  a  given  organism.  More¬ 
over,  the  influence  of  environmental  factors  on  many  somatic  cells  is 
not  marked.  If  we  assume  that  the  gene  equipment  of  all  somatic  cells 
in  one  organism  is  the  same,  it  remains  to  be  explained  why  a  cell  con¬ 
tinues  to  ‘breed  true’  in  a  culture,  where  environmental  influences  have 
been  removed. 

Normally,  the  enzyme  equipment  of  a  cell  is  probably  determined 
during  cell  growdih,  but  there  are  observations  which  indicate  that  this 
is  not  always  true.  The  enzyme  equipment  of  a  cell  can  be  increased 
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by  implantation  of  similar  tissue  with  a  different  enzyme  content. 
Billingham  and  Medawar^®  have  studied  the  spread  of  pigmentation 
occurring  after  an  implantation  of  autografts  of  pigmented  skin  in  an 
area  of  white  skin  in  the  guinea-pig.  This  spread  was  traced  to  a  spread 
of  melanin  formation  from  the  melanoblasts  to  similar  but  non-pig- 
mented  dendritic  cells  of  the  white  area  of  the  skin.  The  melanoblasts 
gave  a  positive  ‘dopa-oxidase’  reaction,  but  the  non-pigmented  den¬ 
dritic  cells  were  dopa-negative.  In  the  region  of  pigment  spread,  how¬ 
ever,  the  dendritic  cells  were  transformed  into  melanoblasts  and  became 
dopa-positive.  The  authors  interpret  the  spread  as  a  spread  of  pigment 
formation',  the  process  is  hkened  to  an  infection  carried  by  way  of 
well-developed  cytoplasmic  connexions  from  the  melanoblasts  to  the 
non-pigmented  dendritic  cells.  The  authors  rule  out  the  possibility  that 
the  spread  is  due  to  a  diffusion  of  the  pigment  or  of  the  pigment-forming 
enzyme. 

In  these  experiments  the  pigmented  cells  as  well  as  the  non-pigmented 
cells  came  from  the  same  animal;  they  were  derived  from  cells  with 
identical  gene  equipment.  We  have  therefore  to  ask:  Were  the  cells  still 
genetically  equivalent,  and  did  the  process  of  ‘infection’  consist  in  the 
release  of  the  potential  ability  of  the  cell  to  form  the  enzyme,  or  had 
the  non-pigmented  cells  lost  the  gene  ?  According  to  the  authors  both 
pigmented  and  non-pigmented  cells  ‘breed  true’.  Another  question 
which  cannot  be  answered  at  present  is:  What  is  the  nature  of  the 
infecting  agent  ? 

iii.  Gene-Enzyme  Relationship  and  Specificity 

Enzyme  formation  is  probably  a  special  case  of  protein  formation; 
nuclear  control  of  the  latter  has  recently  been  discussed  by  Caspersson^®. 
Enzyme  formation  is  not  only  determined  by  nuclear  genes  sensu  stric- 
tiori,  but  also  by  related  gene-like  structures  such  as  phage  or  virus 
{‘naked  genes’,  Muller^®®).  The  best  studied  of  these  gene-like  agents 
is  the  type-transforming  principle  of  pneumococci  described  by  Avery, 
McLeod,  and  McCarty®.  Virulent  pneumococci  are  characterized  by 
the  possession  of  a  capsule  composed  of  complex  polysaccharides;  the 
removal  of  the  capsule  renders  the  cocci  non-virulent.  Different  types 
of  capsular  material  can  be  distinguished  by  means  of  specific  immune 
sera.  Each  of  these  type-specific  capsular  polysaccharides  differs  from 
the  other  in  its  chemical  composition.  Type  specificity  is  an  ‘inherited 
character’.  From  encapsulated  pneumococci  of  type  III  a  fraction  has 
been  obtained  which  conferred  on  non-encapsulated  pneumococci  of 
ot  er  types  the  ability  to  produce  the  capsular  polysaccharide  of  type 
11;  the  cocci  thus  obtained  showed  all  the  properties  of  type  III 

pneumococci;  type  specificity  in  these  cells  had  become  an  acquired 
inherited  character. 
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The  type-transforming  principle  is  not  identical  with  the  capsular 
polysaccharide:  it  has  been  purified  by  removing: 

(a)  proteins  by  chemical  methods, 

(b)  the  capsular  polysaccharide  by  means  of  a  specific  hydrolysing 
enzyme, 

(c)  the  somatic  polysaccharides  by  chemical  methods, 

(d)  ribonucleic  acid  by  digestion  with  the  enzj^me  ribonuclease. 

The  final  product,  which  was  free  from  protein  and  ribonucleic  acid, 
was  able  to  produce  type  transformation  in  a  dilution  of  one  in  6x  10®. 
The  purified  product  was  not  affected  by  proteolytic  enzymes,  but  it 
was  inactivated  by  a  purified  preparation  of  desoxyribonuclease  (see 
also  McCarty The  suggestion  is  that  the  principle  is  a  desoxyribo- 
nucleotide. 

The  question  as  to  the  chemical  nature  of  the  gene  which  is  raised 
by  these  observations  lies  outside  the  scope  of  this  chapter.  One  aspect, 
however,  is  of  interest  for  us,  that  of  the  relation  of  enzymes  and  genes. 
The  similarity  between  enzymes  on  the  one  side  and  genes  and  gene¬ 
like  structures  on  the  other  has  repeatedly  been  pointed  out  (Troland^^^; 
Muller^^®).  Genes,  like  enzymes,  are  characterized  by  their  catalytic 
actions  and  by  the  specificity  of  their  actions;  genes  differ  from  enzymes 
by  their  ability  of  self-reproduction.  It  is  difficult  to  predict  if  a  distinc¬ 
tion  based  on  this  difference  will  prove  lasting;  too  little  is  known  about 
the  mechanism  of  formation  of  genes  and  enzymes  to  make  a  classifica¬ 
tion  secure. 

Specificity  is  a  feature  common  to  both  enzymes  and  genes,  and  it 
has  been  suggested  that  the  relationship  of  the  gene  to  its  primary 
‘substrate’  is  similar  to  the  type  of  relationship  existing  between  enzyme 
and  substrate^®.  The  forces  responsible  for  the  specific  enzyme-substrate 
relationship  are  still  very  imperfectly  known;  it  seems  reasonable  to 
suggest  that  these  forces  are  similar  to  those  which  are  responsible  for 
the  antibody-antigen  reaction.  This  reaction,  which  is  also  characterized 
by  its  specificity,  has  been  studied  by  Pauling  and  his  colleagues,  and 
is  ascribed  to  the  action  of  short-range  intermolecularforces^^®.  Evidence 
on  the  connexion  between  enzyme-substrate  and  antibody -antigen  rela¬ 
tionship  is  scarce,  but  there  are  observations  which  suggest  that  anti¬ 
bodies  acting  on  certain  enzymes  compete  with  the  specific  substrates 
of  these  enzymes.  Two  enzymes  which  hydrolyse  lecithin  have  been 
studied^®®.  One  of  these  enzymes  is  the  lecithinase  of  snake  venom, 
which  hydrolyses  one  of  the  ester  linkages  marked  A  with  the  formation 
of  lysolecithin  and  an  unsaturated  fatty  acid,  e.g.  oleic  acid.  The  second 
enzyme,  the  a-toxin  of  Clostridium  welchii,  hydrolyses  the  glycero¬ 
phosphate  linkage  of  lecithin  (at  B)  with  the  formation  of  phosphoryl 
choline.  Antibodies  against  both  these  enzymes  can  be  produced;  the 
antisera  obtained  inactivate  the  enzymes,  each  antiserum  its  specific 
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enzyme.  When  lecithin  is  added  to  the  enzymes  prior  to  the  antisera, 
the  degree  of  inactivation  caused  by  the  antiserum  is  reduced.  Experi¬ 
ments  are  described  which  suggest  that  sub.strate  and  antibody  compete 
for  the  enzyme.  This  indicates  that  the  forces  which  bring  about  the 
attachment  of  the  substrate  to  the  enzyme  are  similar  to  those  which 
make  the  antibody  react  with  the  enzyme,  its  specific  antigen. 


The  lecithin  molecule. 


1. 

HoO-O- 


-C(:0)— Ri 


HC— 0— C(:0)— Ro 


HgC— O- 
2. 


P~OH 

0_CH2-CH2N(CH3)3 

OH 


1.  Ester  linkage  hydrolysed  by  cobra  venom  with  formation  of  lysolecithin. 

2.  Ester  linkage  hydiolysed  by  a-toxin  of  Clostridium  welchii. 


iv.  Location  and  Extraction  of  Enzymes 


In  the  study  of  enzymes,  the  biochemist  usually  applies  methods 
which  involve  the  destruction  of  the  structural  elements  of  the  cells; 
this  is  often  unavoidable  if  it  is  the  aim  to  obtain  highly  activ^e  and 
purified  preparations.  The  cytologist,  on  the  other  hand,  is  interested 
in  the  localization  of  the  enzymes  in  the  tissues  and  cells,  and  in  the 
sites  of  enzyme  formation. 

A  distinction  used  to  be  made  between  enzymes  occurring  in  the 
extracellular  fluids  and  secretions  on  the  one  hand,  and  the  intracellular 
enzymes  on  the  other;  of  the  latter,  it  was  long  believed  that  their 
activity  was  characteristic  of  the  living  cell.  Pasteur  held  that  the 
presence  of  living  yeast  cells  was  an  indispensable  condition  for  the 
occurrence  of  alcoholic  fermentation,  and  only  the  discovery  by  Buchner 
of  fermentation  in  cell -free  extracts  showed  that  there  was  no  general 
distinction  between  intra-  and  extracellular  enzymes. 

A  classification  has  been  used  by  Willstatter  and  his  colleagues,  based 
on  the  ease  with  which  enzymes  can  be  eluted  from  the  tissues.  Enzymes 
are  considered  by  Willstatter  to  be  bound  to  the  protein  of  protoplasm 
to  form  so-called  ‘symplexes’.  Some  of  these  symplexes  are  split  easily 
and  the  enzyme  can  then  be  obtained  in  solution;  such  an  enzyme  is 
called  a  ‘lyo-enzyme’.  Other  enzymes  are  bound  more  firmly  to  the 
insoluble  cell  proteins;  they  are  called  ‘desmo -enzymes’  (see  review  by 
Bamann  and  Salzerii).  Since  there  is  no  very  sharp  distinction  between 
soluble  and  insoluble  enzymes,  it  seems  questionable  if  the  difiference 
between  lyo-enzymes  and  desmo-enzymes  is  a  fundamental  one.  It 
seems  like  y  that  the  attempt  to  allot  to  the  different  structural  ele¬ 
ments  within  the  cell  certain  enzyme  functions  will  lead  to  a  more 
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promising  correlation  between  structure  and  function.  The  methods 
used  for  obtaining  large  amounts  of  the  different  particulate  elements 
present  in  cells  and  some  of  the  results  obtained  are  described  in 
Chapter  1,  Part  B. 

The  ambition  of  the  enzyme  chemist  is  to  study  an  enzymic  reaction 
in  a  system  which  contains  the  complete  catalytic  system  and  as  little 
else  as  possible.  The  system  may  contain  the  substrate,  the  apoenzyme, 
the  coenzyme,  and  the  necessary  inorganic  co-factors.  Such  a  system 
serves  as  a  model  of  the  catalytic  system  in  the  living  cell.  In  some 
instances  the  attempt  to  reconstitute  the  complete  catalytic  system  has 
been  successful,  but  often  the  enzymic  activity  is  found  to  be  bound 
up  with  particulate  matter  and  it  has  been  impossible  to  study  the 
activity  in  a  homogeneous  system.  Cytochrome  oxidase  is  an  example 
of  an  enzyme  which  has  not  been  isolated.  Another  example  is  the 
enzyme  amine  oxidase,  an  enzyme  which  occurs  in  all  the  vertebrates 
examined  as  well  as  in  many  invertebrates  (e.g.  in  Sepia).  In  the  mam¬ 
malian  liver,  the  activity  is  associated  with  the  liver  granules  (Warburg’s 
‘Kbrnchensuspension’),  mitochondria  and  microsomes,®^  but  if  the  gran¬ 
ules  are  destroyed  by  dispersing  agents,  e.g.  by  lysolecithin  or  by  bile 
salts,  amine  oxidase  activity  is  not  impaired. 

The  spatial  arrangement  in  the  cell  must  clearly  be  of  great  im¬ 
portance  when  the  catalytic  system  is  complex.  Ogston  and  Smithies^®® 
have  recently  suggested  that  the  spatial  arrangement  of  the  various 
enzymes  determines  the  relation  between  oxidation  and  phosphoryla¬ 
tion  in  the  cell.  (See  also  Monne^®®).  A  simpler  case  is  that  studied 
by  Krebs^^®  in  the  oxidation  of  L-amino-acids;  Krebs  showed  that  this 
reaction  took  place  in  the  presence  of  slices  of  mammalian  liver  or  kidney 
tissue  and  in  concentrated  homogenates  of  tissue;  on  dilution,  the 
activity  decreased  more  rapidly  than  in  proportion  to  the  degree  of 
dilution.  The  interpretation  given  to  these  experiments  was  that  the 
reaction  catalysed  required  three  components,  viz.  enzyme,  substrate, 
and  an  additional  factor,  and  that  on  dilution  the  chances  for  a  ternary 
collision  decreased  rapidly.  An  enzyme  which  catalyses  the  oxidation 
of  certain  L-amino-acids  has  since  been  isolated  from  mammalian 
kidney^’,  but  it  is  not  known  if  this  is  the  complete  catalytic  system 
(Krebs^^®).  A  different  L-amino-acid  oxidase  occurs  in  the  venom 
and  the  tissues  of  some  snakes;  this  enzyme  is  highly  active  in  dilute 
solution®®’. 

The  spatial  arrangement  of  enzyme  and  substrate  within  the  cell 
regulates  the  rate  of  enzymic  intracellular  reactions.  This  was  first  clearly 
recognized  by  Claude  Bernard  when  he  discovered  in  the  liver  both 
glycogen  and  the  enzyme  diastase  which  hydrolyses  glycogen.  He  found 
that  the  liver  of  the  hibernating  frog  contained  much  glycogen  and  little 
glucose;  conversely,  the  liver  of  the  summer  frog  contained  much  glu- 
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cose  but  little  gl3^cogen.  The  enzyme  was  present  in  summer  as  well 
as  in  winter;  he  therefore  assumed  seasonal  differences  in  the  spatial 
arrangement  of  enzyme  and  substrate  within  the  cell.  It  has  been 
suggested  that  surface-active  agents,  e.g.  bile  salts,  may  modify  the 
accessibility  of  the  enzyme  to  the  substrate^®®. 

In  the  bacterial  cell  a  similar  spatial  segregation  of  enzyme  and  sub¬ 
strate  is  assumed  by  Dubos®®  in  the  study  of ‘flash  lysis’.  Acetone-dried 
powders  can  be  prepared  of  pneumococci  in  which  the  single  cells  are 
still  distinct  and  display  their  characteristic  staining  properties.  This 
powder,  when  re-suspended  in  water  at  a  temperature  of  30-40°C.,  under¬ 
goes  flash  lysis  in  a  few  seconds;  when  the  pow'der  is  suspended  in 
boiling  water  no  lysis  occurs.  The  lysis  is  interpreted  as  an  enzymic 
process  in  which  enzymes,  released  by  the  acetone  treatment  from  their 
normal  segregation  within  the  cell,  act  on  their  specific  substrates,  which 
are  normally  held  within  separate  compartments  of  the  cell;  if  such 
substrates  are  important  structural  elements,  their  enzymic  decomposi¬ 
tion  will  result  in  cell  disintegration.  Suspending  cells  in  boiling  water 
kills  the  enzymes  and  thus  prevents  lysis. 

V.  Enzymes  with  Lytic  Action 

There  are  many  enzymes  which  have  a  lytic  effect;  they  act  by 
destroying  an  important  structural  constituent  of  the  cell.  This  cyto¬ 
lytic  action  is  a  property  of  many  digestive  enzymes:  by  destroying  the 
cell  structure  they  expose  the  contents  of  the  cell  to  the  digestive  pro¬ 
cess.  Snake  venom  is  a  typical  secretion  of  this  type.  Cobra  venom 
contains  a  powerful  lecithinase  which  catalyses  a  reaction  with  a  two¬ 
fold  effect:  firstly,  it  destroys  the  lecithin  which  forms  part  of  the  mem¬ 
brane  of  many  cells,  e.g.  the  red  blood  cells,  and  secondly,  it  forms 
lysolecithin,  a  compound  with  strong  lytic  action.  The  lecithinase  of 
Clostridium  welchii  does  not  form  lysolecithin;  its  lytic  action  is  due 
only  to  the  removal  of  lecithin. 

In  bacteria,  the  chemical  composition  of  the  structural  elements 
shows  a  great  variety,  and  lysis  is  therefore  brought  about  by  many 
different  enzymes,  some  of  which  act  very  selectively.  An  enzyme 
chiefly  characterized  by  its  lysing  action  is  lysozyme,  discovered  by 
Fleming  in  nasal  mucus;  it  also  occurs  in  egg-white.  This  enzyme  lyses 
a  number  of  bacterial  species.  Its  specific  substrate  was  shown  to  be 
an  amino-sugar  of  high  molecular  weight^^-^^g^ 

Other  enzymes  exist  which  act  on  extracellular  structures.  Many 
bacteria  contain  fibrinolysins;  these  have  been  shown  to  have  enzyme 
character  (MacFarlane  and  Biggs>«).  These  lysins  show  a  high  degri  of 
substrate  specificity.  Another  enzyme  which  determines  the  invasive 
character  of  many  bacterial  infections  was  first  described  as  ‘spreading 
factor  ;  it  was  found  in  a  number  of  bacteria  and  also  in  the  mammalian 
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Chain  and  Duthie  showed  that  this  factor  was  an  enzyme 
and  that  its  specific  substrate  was  hyaluronic  acid,  a  polysaccharide 
which  consists  of  glucuronic  acid  and  N-acetylglucosamine^®'!^*.  Hya¬ 
luronic  acid  occurs  not  only  in  the  connective  tissue,  but  the  same 
substance  forms  the  capsule  of  streptococci;  destruction  of  the  capsular 
material  by  hyaluronidase  reduces  the  virulence  of  the  streptococci. 

Enzymic  hydrolysis  of  the  capsular  polysaccharides  has  been  parti¬ 
cularly  studied  in  pneumococci;  hydrolysing  enzymes  have  been  ob¬ 
tained  from  saprophytic  micro-organisms  which  are  highly  specific  for 
each  pneumococcal  type  (Dubos^^). 

For  a  more  detailed  discussion  of  the  enzyme  character  of  bacterial 
toxins  the  reader  is  referred  to  a  review  by  Pappenheimer^®®. 

vi.  Respiration  Enzymes 

Paul  Ehrhch  w^as  the  first  to  use  cytological  methods  in  the  study 
of  cell  oxidation.  In  his  book  Das  Sauer stojfbedUrfnis  des  Organismus 
(1885)  he  attempted  to  obtain  information  on  the  intensity  of  tissue 
oxidation  in  various  organs  by  intravital  injection  of  dyes  which  are 
reduced  to  leuco-derivatives.  Ehrlich’s  work — which  laid  the  founda¬ 
tion-stone  of  the  technique  of  intravital  staining — did  not  lead  to  an 
understanding  of  cellular  oxidations;  specific  affinities  of  the  dyes  to 
the  structural  elements  made  it  impossible  to  interpret  the  results  ob¬ 
tained.  But  of  the  dyes  employed  by  Ehrlich  two  have  proved  of  great 
importance  in  the  study  of  biological  oxidations:  methylene  blue  in  the 
w'ork  on  dehydrogenases,  and  indophenol  in  the  work  on  the  cyanide- 
sensitive  oxidation  catalysts.  Dehydrogenases  and  ‘indophenol’  oxi¬ 
dase  (now  called  cytochrome  oxidase)  are  two  main  types  of  intracellular 
oxidation  catalysts.  They  are  briefly  reviewed  in  the  following,  in  as 
far  as  they  are  accessible  to  cytological  examination. 

The  importance  of  iron  in  cellular  respiration  was  first  recognized 
by  Warburgi®^.  His  discovery  that  the  chief  respiratory  catalyst  (War¬ 
burg’s  respiratory  enzyme)  contained  haemin-iron  is  not  based  on  direct 
spectroscopic  observation  but  on  more  indirect  evidence:  cellular  re¬ 
spiration  is  inhibited  by  carbon  monoxide,  and  the  inhibition  is  reversed 
by  light.  Dissociation  by  light  is  known  to  be  a  property  of  iron-CO 
compounds.  Warburg  determined  the  relative  efficiencies  of  monochro¬ 
matic  light  of  different  wave-lengths  in  reversing  the  carbon  monoxide 
inhibition  of  cell  respiration  and  showed  that  the  ‘efficiency  spectrum 
thus  obtained  was  that  of  a  haemin  compound.  Since  1925  Keilin 
has  analysed  the  functions  of  the  intracellular  haemin  compounds 
(McMunn’s  histo-  and  myohaematin).  He  examined  these  substances 
by  direct  spectroscopic  examination;  they  w'ere  showm  to  be  present  in 
oxidized  and  reduced  form,  and  he  called  them  ‘cytochromes  .  They 
occur  in  most  living  cells. 
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Tissues  suitably  illuminated  show  the  red  colour  of  cytochrome;  this 
can  be  seen  in  a  slice  of  brain  tissue  carefully  washed  free  of  blood,  or 
in  a  thick  suspension  of  yeast,  observed  in  transmitted  light.  Suitable 
materials  for  the  study  of  the  cytochromes  in  cells  are  the  thoracic 
muscles  of  living  insects  {Galleria)  or  suspensions  of  baker’s  yeast. 
Keilin^®®  showed  that  the  typical  cytochrome  spectrum  was  due  to  the 


b  c 


Cytochrome 

Compound  a! 

1 

i 

\ 

\ 

..  b' 

- 1 - 

i  ^ 

1 

>,  c' 

A 

Red 


Blue 


Text-fig.  1.  The  upper  line  gives  the  absorption  bands  at  reduced 
cytochrome.  The  three  low  er  lines  give  the  position  of  the  bands 
of  the  comjjonents  a,  b,  and  c.  After  Keilin'“*. 
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.  Positions  of  the  four  absorption  bands  a,  b,  c.  and  d  of  reduced 
cytochrome  in  various  organisms.  After  Keilin*®*. 


presence  of  at  least  three  substances,  which  he  called  cytochromes  a  b 
and  c  (see  Text-fig.  1).  They  give  typical  haerain  spectra;  the  bands 
of  the  reduced  cytochromes  from  different  sources  are  shown  in  Text- 
g.  2.  A  thick  suspension  of  baker’s  yeast  shows  the  bands  of  reduced 
cytochrome  which  disappear  on  shaking  with  air.  The  cytochrome  has 

redded  Th  standing,  the  cytochrome  is  again 

strates  for  ox^  /  r**  reduction  is  dependent  upon  the  presence  of  sub- 
wi  t  b  r  °*‘dation.  Reduction  occurs  rapidly  if  the  cells  are  saturated 
with  substrates,  and  slowly  if  they  are  relatively  starved.  The  oxidation 
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of  cytochrome  on  shaking  is  not  due  to  an  autoxidation ;  the  rate  of 
oxidation  is  slowed  dowm  by  cyanide  or  carbon  monoxide,  and  these 
substances  do  not  combine  with  the  cytochromes  a,  b,  or  c,  as  there  is 
no  change  in  the  spectrum  on  the  addition  of  CO  or  KCN.  These  in¬ 
hibitors  act  on  an  enzyme  which  oxidizes  cytochrome:  cytochrome  oxi¬ 
dase.  Cytochrome  oxidase  exhibits  all  the  characteristic  properties  of 
Warburg’s  respiratory  enzyme.  Moreover,  he  showed  that  the  enzyme 
was  identical  with  the  indophenol  oxidase  of  mammalian  tissue.  This 
enzyme  catalyses  the  oxidation  of  the  ‘nadi’  reagent  (dimethyl-para- 
phenylenediamine+a-naphthol)  to  indophenol  and  that  of  paraphenyl- 
enediamine  to  a  diamine.  Keihn  and  Hartree^^^’^®®’^®®  have  shown  that 
the  enzyme  does  not  directly  oxidize  these  substances:  they  are  oxidized 
by  oxidized  cytochrome.  The  reoxidation  of  the  reduced  cytochrome 
by  atmospheric  oxygen  is  catalysed  by  the  cytochrome  oxidase.  Quite 
a  number  of  substances  are  oxidized  by  the  cytochrome — cytochrome- 
oxidase  system  in  a  similar  manner,  e.g.  polyphenols  (adrenaline),  ascor¬ 
bic  acid,  sulphydryl  compounds  (cysteine).  Cytochromes  seem  to  be 
the  only  substances  which  are  directly  oxidized  by  the  cytochrome 
oxidase. 

In  addition  to  the  three  cytochromes  a,  b,  and  c,  Keilin  and  Hartree 
have  described  a  component  which  they  call  cytochrome  a^.  This  sub¬ 
stance  displays  remarkable  similarities  to  cytochrome  oxidase.  Apart 
from  component  c,  the  different  compounds  have  not  yet  been  isolated, 
and  their  characterization  is  based  on  the  observation  of  the  absorption 
spectra.  In  the  following  paragraphs  a  short  summary  of  the  properties 
of  the  components,  as  recently  described  by  Keilin  and  Hartree,  is 
given : 

Component  a  is  a  haem-protein  compound,  insoluble  or  intimately 
bound  to  the  insoluble  material  of  the  cells.  It  is  thermolabile  and  does 
not  combine  with  CO,  KCN,  or  other  inhibitors. 

Components  and  are  found  only  in  a  few  bacteria  dev^oid  of 


component  a. 

Component  is  thermolabile;  it  reacts  with  CO  and  KCN;  it  is 
autoxidizable.  It  shares  these  properties  with  the  respiratory  enzyme, 
cytochrome  oxidase.  It  is  not  certain  whether  component  is  in  fact 
identical  with  cytochrome  oxidase,  since  (1)  the  CO  compound  of  O3 
does  not  dissociate  in  light,  and  (2)  the  oxidized  component  %  does  not 
oxidize  anaerobically  the  reduced  component  c. 

Component  b  has  also  up  to  now  proved  insoluble.  In  contrast  to 
components  a  and  c,  it  is  somewhat  autoxidizable.  In  the  presence  of 
urethane  and  a  suitable  substrate,  e.g.  succinic  acid,  component  b 
remains  reduced,  whereas  components  a,  and  c  are  oxidized.  There 
is  reason  to  believe  that  substances  like  polyphenols  (which  react  w'ith 
cytochrome  without  a  specific  activator)  do  not  require  this  component, 
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but  that  it  is  required  for  the  oxidation  of  activated  substrate  molecules 
such  as  succinic  acid  (see  below). 

Component  c  is  the  only  one  that  is  soluble;  it  has  been  separated  and 
prepared  in  a  pure  condition ;  it  is  relatively  thermostable.  It  does  not 
combine  with  CO  or  KCN.  It  is  not  autoxidizable  under  physiological 
conditions. 

The  positions  of  the  characteristic  absorption  bands  of  the  different 
components  are  given  in  the  accompanying  table  (after  Keilin  and 
Hartree^®®). 
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In  higher  animals  the  typical  cytochrome  spectrum  as  described 
above  IS  most  easily  seen  in  heart  and  skeletal  muscle  as  well  as  in  the 
^y  matter  of  the  brain.  Keilin  and  Hartree  originally  assumed  the 

the  cvtn  h  ®  ta-boratory  in  Cambridge,  has  recently  shown  that 

of  heart'Sb"'””^  mammalian  kidney  agree  in  all  essentials  with  those 

sufstfn^  "mmal  o.xidizable  substrates  of  the  tissues  differ  from 
substances  like  paraphenylenediamine  or  adrenaline  in  that  they  Ivl 
the  ^  oxidized  by  the  cytochrome— cytochrome  oxidase  system- 

hey  require  the  presence  of  a  catalyst  which  has  a  hirdree  of 

51179™  ^  interrelationships  between  the  cytochrome 
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system  and  the  specific  activators  of  the  substrates  (dehydrogenases) 
have  been  studied  by  Keilin  in  a  preparation  from  mammalian  heart 
muscle  which,  when  complete,  contained  the  following  constituents:  suc¬ 
cinic  acid,  succinic  oxidase  (dehydrogenase),  cytochromes,  cytochrome 
oxidase,  oxygen.  The  properties  of  the  cytochrome  system  can  be  studied 
by  replacing  the  succinic  acid — succinic  oxidase  by  substances  such  as 
paraphenylenediamine ;  the  properties  of  the  dehydrogenase  system  can 
be  studied  separately  by  replacing  the  cytochrome  system  by  autoxi- 
dizable  substances  such  as  methylene  blue.  These  interrelationships  are 
shown  in  the  following  diagram  (after  Keilin  and  Hartree^®®): 


Dehydrogenase  -succinic 

paraphenylenediamine 
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ascorbic  acid 
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cytochrome  oxidase  Oj 
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Attempts  to  separate  components  of  the  dehydrogenase-cytochrome 
system  (apart  from  the  soluble  component  c)  have  been  unsuccessful. 
The  activity  of  the  preparations  from  heart  muscle  seems  to  depend  on 
the  way  in  w’hich  the  single  components  are  built  into  the  framework  of 
the  insoluble  tissue  proteins. 

The  system  which  activates  succinic  acid,  the  succinic  dehydrogenase, 
has  not  yet  been  isolated.  But  a  number  of  dehydrogenases  have  been 
isolated  and  partly  characterized  chemically.  Usually  these  enzymes 
are  specific  proteins  which  act  in  conjunction  with  substances  which 
can  be  split  off  from  the  protein — sometimes  with  great  ease,  sometimes 
only  with  difficulty.  These  substances  are  reversibly  oxidizable  and  act 
in  the  oxidized  condition  by  oxidizing  the  substrate  molecule.  These 
prosthetic  groups  have  been  seen  in  tissues,  and,  in  the  following  para¬ 
graphs,  a  few  data  on  their  occurrence  in  cells  wdll  be  reported.  (For 
literature  see  Warburg^®^). 

Flavo-proteins.  Flavin  is  present  in  a  number  of  enzymes:  d-amino- 
acid  oxidase,  xanthine  oxidase  (Schardinger’s  enzyme),  aldehyde  oxi¬ 
dase  of  mammalian  liver,  fumaric  oxidase  of  yeast,  Warburg’s  ‘yellow’ 
enzymes,  and  diaphorase.  The  flavins  occurring  in  the  tissues  are 
alloxazine  derivatives;  riboflavin  is  known  to  be  part  of  the  vitamin  B 
complex  (Bg).  It  contains  a  ribose  group  attached  to  the  woalloxazine 
ring.  As  a  prosthetic  group  of  enzymes,  lactoflavin  is  esterified  with 
phosphate.  In  many  of  these  enzymes  the  prosthetic  group  is  not 

riboflavin  phosphate,  but  flavin-adenine-dinucleotide.  Riboflavin  (also 
known  as  lactoflavin)  shows  a  characteristic  greenish  fluorescence. 
Ellinger  and  Koschara  observed  this  fluorescence  in  living  mammalian 
tissue  (kidney  and  liver)  under  the  fluorescence  microscope.  Keilin  and 
Smith  have  seen  in  the  ‘empty’  spectrum  of  an  absorption  spectroscope 
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two  bands  at  455  m/x  and  495  m/x  which  might  be  due  to  the  presence 
of  flavin  in  the  human  retina. 

Pyridino-proteins.  The  enzymes  of  this  group  contain  nicotinic  amide 
(Warburg)  as  well  as  adenine.  The  coenzyme  of  alcoholic  fermentation 
(Harden  and  Young)  is  a  prosthetic  group  of  this  kind.  These  substances 
are  colourless,  but  they  have  characteristic  absorption  bands  in  the 
ultraviolet  range.  The  pyridino  compounds  have  an  absorption  band 
at  260  m/x.  The  dihydropyridine  (dihydro-coenzyme)  has  a  new  band 
at  345  m/x.  According  to  Warburg,  the  dihydropyridines  show  a  marked 
whitish  fluorescence  in  ultraviolet  light.  The  pyridines  do  not  show  this 
fluorescence.  In  sections  of  living  liver  tissue  small  granules  can  be  seen 
in  ultraviolet  hght  which  show  a  brilliant  white  fluorescence.  This 
fluorescence,  which  fades  very  quickly,  may  well  be  due  to  the  dihydro¬ 
pyridines  present.  A  great  number  of  specific  dehydrogenases  contain 
coenzymes  of  this  group.  The  pyridino  group  is  reduced  to  dihydro¬ 
pyridine  during  the  activity  of  these  enzymes.  One  of  the  flavo-proteins, 
diaphorase,  acts  by  reoxidizing  the  dihydro-/-pyridine  formed.  Nicotinic 
acid  is  the  pellagra-preventing  factor  of  the  vitamin  B  complex. 

Thiamino-proteins.  Under  the  fluorescence  microscope  in  alkaline 
reaction  the  green  fluorescence  of  liver  tissue  due  to  flavin  disappeared 
and  was  replaced  by  a  bluish  fluorescence.  We  now  know  that  this 
fluorescence  is  due  to  the  presence  of  thiamine  in  the  tissue.  This  sub¬ 
stance  is  known  to  be  identical  with  vitamin  B^,  now  known  as  aneurin 
or  thiamine.  In  combination  with  phosphoric  acid  it  is  a  component 
of  those  enzymic  systems  which  metabolize  pyruvic  acid.  The  oxidative 
metabolism  of  pyruvic  acid  in  the  animal  in  relation  to  thiamine 
was  first  studied  by  Peters  and  his  collaborators  in  Oxford;  the 
mechanism  of  the  reaction  is  here  more  complex  than  in  yeast,  where 
diphosphothiamine  acts  as  co -carboxylase  in  the  reaction^^^: 

CH3-0:0.C00H  - >  CH3-CHO  -f  CO2. 

An  increase  in  the  amount  of  extractable  thiamine  in  stimulated  nerve 
has  been  reported^®®. 


vii.  Other  Enzymes  containing  Heavy  Metals 

a.  Iron.  The  cytochrome  system  is  not  the  only  enzyme  which  con 
tains  haemm-iron.  Two  other  systems  may  be  briefly  mentioned: 

(oc)  CdtdldsE’.  it  catalyses  the  reaction! 


2H3O2 


2H2O  -j-  O2. 


catalase  action  of  the  enzyme;  the  importance  of  the  enzyme  for 
cellular  metabolism  may  be  due  to  its  ‘peroxidase’  reaction:  the  oxida¬ 
tion  of  alcohol  to  acetaldehyde  in  the  presence  of  ‘nascent’  peroxide 
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The  enzyme  is  almost  ubiquitous;  only  a  few  anaerobic  bacteria  are 
free  of  catalase. 

iP)  Peroxidase:  it  catalyses  the  oxidation  of  a  number  of  oxidizable 
substrates  in  the  presence  of  peroxide.  It  is  chiefly  found  in  plants; 
horse-radish  usually  serves  as  a  source  of  the  enzyme.  Peroxidase  has 
a  typical  absorption  spectrum  with  bands  at  645,  583,  458,  and  498  m/x. 
Keilin  and  Mann^^®  have  seen  the  band  at  645  mp,  when  they  examined 
a  slice  of  horse-radish  root  of  1  cm.  thickness  with  a  microspectroscope. 
In  the  plant  peroxidases,  the  iron  is  part  of  a  protohaem  group.  In 
mammals,  peroxidases  occur  in  the  mammary  gland  (lactoperoxidase) 
and  in  the  granula  of  polymorph  leucoytes  (myeloperoxidase).  The 
latter  enzyme  is  responsible  for  the  peroxidase  reaction  of  the  leucocytes, 
the  formation  of  a  coloured  compound  from  benzidine,  and  similar  gub- 
stances,  in  the  presence  of  hydrogen  peroxide.  The  mammalian  peroxi¬ 
dases  differ  from  the  plant  enzymes:  they  contain  a  green  haem 
compound  different  from  protohaem;  they  are  therefore  called  verdo- 
peroxidases^'^®^.  Possibly  they  are  chemically  closely  related  to  cyto¬ 
chrome  oxidase. 

h.  Copper  is  present  in  a  number  of  enzymes  which  oxidize  phenols 
(monophenoloxidase,  polyphenoloxidase,  laccase)  and  in  the  ascorbic 
acid  oxidase  of  plants.  Monophenoloxidase  (or  t3a*osinase)  differs  from 
the  polyphenoloxidase  in  that  it  attacks  monophenols,  e.g.  tyrosine;  it 
occurs  in  many  plants  (e.g.  potatoes  or  mushrooms)  and  in  insects 
(e.g.  the  meal-worm);  it  also  occurs  in  the  ink  gland  of  Sepia  officinalis. 
The  reaction  catalysed  by  the  enzyme  has  been  cleared  up  by  the  work 
of  Raper;  tyrosine  is  oxidized  to  3 : 4-dihydroxyphenylalanine  (usually 
briefly  called  dopa),  and  this  substance  is  further  oxidized  to  a  red  pre¬ 
cursor  of  melanin: 


HO 


CH,CHNH«— COOH 


tyrosine 

CHNHo— COOH 


HO 


0=^ 


0= 


CH2 

CH— COOH 


OH 


dopa 


H 

red  substance 


c.  Dopa  oxidase.  In  1917  the  Swiss  dermatologist  Bloch^®  described 
a  reaction  of  the  mammalian  skin.  He  treated  unfixed  frozen  sections 
(in  agar)  with  dilute  solutions  of  dopa.  There  appeared  after  some  time 
a  dark  pigmentation  in  many  cells  of  the  basal  layer  of  the  epidermis, 
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and  especially  in  the  so-called  dendritic  cells — cells  which  usually  show 
pigmentation.  This  reaction  was  not  found  in  albinotic  skin;  it  was 
intensified  in  skin  previously  irradiated.  Bloch  believed  that  the  reac¬ 
tion  was  strictly  specific  and  characteristic  of  the  cells  which  formed 
pigment  (melanoblasts),  and  he  distinguished  them  from  the  cells  of 
the  dermis  which  only  stored  pigment  and  which  did  not  give  the  dopa 
reaction  (melanophores).  Many  investigators  now  believe  that  pig¬ 
ment  formation  in  the  skin  only  occurs  in  the  dendritic  cells.  A  simple 
technique  of  demonstrating  the  dopa  oxidase  reaction  in  paraffin  sec¬ 
tions  has  been  described  by  Becker^^. 

The  dopa  reaction  in  the  embryonic  eye  has  been  studied  by  Mie- 
scher^®®.  In  the  chick  embryo  a  positive  reaction  begins  to  appear  at  the 
end  of  the  third  day  in  the  pigment  epithelium  of  the  retina,  just  about 
at  the  time  when  the  pigment  formation  begins.  The  reaction  becomes 
more  intense  in  later  stages,  reaches  a  maximum,  and  decreases  until 
it  is  negative  again  on  the  18th-20th  day.  In  the  pigment  cells  of  the 
choroid,  the  ciliary  body,  iris,  and  pecten  the  reaction  also  is  first  seen 
when  pigmentation  occurs  and  becomes  negative  after  the  pigment  has 
been  fully  formed.  Similar  changes  take  place  in  the  mammalian  eye. 

The  theory  advanced  by  Bloch  and  his  collaborators  was  that  a  pre¬ 
cursor  of  melanin  circulated  in  the  blood  and  that  from  it  pigment  was 
formed  by  the  specific  enzyme  present  in  the  melanoblasts.  Bloch 
believed  that  dopa  was  this  precursor,  and  the  dopa  oxidase  the  specific 
enzyme.  He  claimed  that  ^dopa  was  the  only  substrate  of  the  enzyme. 
This  is  to-day  no  longer  maintained ;  a  number  of  other  phenols  (hydroxy- 
tyramine  (Mulzer  and  Schmalfuss^®?)^  2?-hydroxyphenylpyruvic  acid, 
and  3 : 4-dihydroxyphenylpyruvic  acid  (Moncorps^^^)  give  a  similar  reac¬ 
tion.  In  the  rabbit,  epinine  (3:4-dihydroxyphenylethylmethylamine) 
has  been  found  to  give  the  dopa  oxidase  reaction  even  better  than 
dopa  itself;  based  on  this  observation,  DanneeB^  suggests  that  epinine 
is,  in  fact,  the  precursor  of  melanin.  In  this  connexion  it  must  be 
mentioned  that  phenoloxidases  have  so  far  not  been  shown  to  be  present 
in  mammals.  Moreover,  it  has  already  been  mentioned  that  the  cyto¬ 
chrome  system  also  oxidizes  polyphenols. 

As  to  the  chemical  nature  of  the  enzyme  system  involved,  there  is 
little  known.  Extracts  from  melanotic  tumours  of  the  mouse  skin  oxi¬ 
dize  tyrosine  and  3 : 4-(lihydroxyphenylalanine82.88^  j^,st  as  preparations 
from  Sepia.  This  might  suggest  that  the  enzyme  is  related  to  the 
copper-containing  enzymes  of  invertebrates.  This  might  fit  in  with 
reports  of  an  interference  with  normal  pigment  formation  due  to  the 
administration  of  phenylthiocarbamide,  a  substance  which  forms  com- 
plexes  with  On  the  other  hand,  Greenstein  reports  that  in 

the  presence  of  p-phenylenediamine  and  cytochrome  c,  extracts  from 
melanotic  tumours  show  anincreased  oxygen  uptake  (see  also  Burketal  “) 
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d.  Zinc.  Carbonic  Anhydrase.  This  enzyme  was  first  discovered  by 
Meldrum  and  Roughton;  it  catalyses  the  reaction 

HgO  f  CO2  ^  H2CO3 

in  both  directions.  The  enzyme  has  been  shown  by  Keilin  and  Mann^^^*^^^ 
to  be  a  zinc-protein  compound.  The  importance  of  the  enzyme  for  CO2 
transport  in  mammalian  blood  has  been  fully  discussed  by  Rough ton^®^. 
the  enzyme  is  found  in  the  red  corpuscles  only;  in  fact,  in  some  species 
the  plasma  contains  an  inhibitor  for  the  enzyme  (Booth^®). 

Keihn  and  Mann^^^  have  described  a  method  by  which  the  role  of  the 
enzyme  in  the  transport  of  carbon  dioxide  in  the  red  corpuscles  can  be 
made  visible. 

In  the  mammal,  carbonic  anhydrase  is  also  found  in  the  gastric  mucosa 
(Davenport  and  Fisher^®).  Keilin  and  Mann  have  obtained  a  preparation 
of  the  enzyme  from  pig’s  stomach  which  was  probably  about  30  per  cent, 
pure;  they  showed  that  not  more  than  0*75  per  cent,  of  its  activity  could 
have  been  present  in  the  red  blood  corpuscles  of  the  mucosa.  Davenport 
found  that  the  fundic  region  of  the  mucosa  had  a  much  higher  activity 
than  the  pyloric  region.  As  the  oxyntic  cells  of  the  stomach  occur  in  the 
fundus  only,  the  correlation  between  enzymic  activity  and  distribution 
of  oxyntic  cells  was  studied.  Davenport  adapted  the  method  of  Linder- 
strom-Lang  (see  below)  for  the  determination  of  carbonic  anhydrase. 
The  gastric  mucosa  of  rats,  dogs,  and  cats  w'ere  used.  From  his  findings 
Davenport  concluded  that  the  enzyme  was  localized  in  the  oxyntic  cells 
and  that  they  contained  5-6  times  as  much  enzyme  as  the  red  blood 
corpuscles.  The  peptic  cells  of  the  gastric  glands  were  found  not  to 
contain  the  enzyme;  the  cells  of  the  gastric  surface  epithelium  had  about 
one-tenth  of  the  activity  of  the  oxyntic  cells. 

The  exact  nature  of  the  importance  of  carbonic  anhydrase  for  the 
secretion  of  hydrochloric  acid  by  the  gastric  mucosa  remains  to  be 
cleared  up.  In  Davenport’s  experiments,  the  carbonic  anhydrase  of  the 
mucosa  was  inhibited  by  sodium  thiocyanate  (NaCNS);  this  also  sup¬ 
pressed  gastric  secretion.  Feldberg,  Keilin,  and  Mann®^  confirmed  this 
result,  but  in  their  experiments  sulphanilamide,  a  much  more  potent 
and  specific  inhibitor  of  the  enzyme,  failed  to  inhibit  the  secretion  of 
hydrochloric  acid  in  the  cat,  in  concentrations  which  strongly  inhibited 
carbonic  anhydrase  activity  in  vitro.  These  experiments  left  the  question 
unanswered,  why  the  oxyntic  cells  should  contain  such  a  high  enzymic 
activity. 

Recently,  methods  have  been  worked  out  by  Davies^^  for  the  study 
of  acid  secretion  in  the  isolated  gastric  mucosa  of  frogs  and  toads.  In 
this  method  the  mucous  membrane  is  dissected  off  the  muscular  coat 
of  the  stomach,  and  the  mucosa  is  tied,  with  the  lumen  inward,  to  form 
a  sac;  in  such  a  preparation  the  acid  secreted  is  not  neutralized  by  the 


343 


ENZYME  SYSTEMS  OF  CELLS 

alkali  liberated  at  the  same  time  on  the  basal  surface  of  the  preparation. 
Stimulation  of  acid  secretion  by  histamine  can  be  observed.  Using  this 
method,  Davies  and  Edelmann-'^  have  found  an  inhibition  of  both  acid 
secretion  and  carbonic  anhydrase  activity  by  p-toluene  sulphanilamide 
in  a  concentration  of  1’7  10~^  M.  The  authors  explain  the  negative 
results  of  Feldberg  et  al.  by  the  incomplete  inhibition  of  carbonic  an¬ 
hydrase  in  the  living  animal.  According  to  Davies,  the  enzyme  is 
necessary  to  ensure  rapid  formation  of  bicarbonate  ions  from  CO2  and 
OH-  ions  formed  in  the  reaction: 

H2O  - >  +  OH- 

Observations  of  the  occurrence  of  carbonic  anhydrase  in  teleost  fishes 
are  of  interest.  In  1932  Keys  and  Willmer^^*  described  in  the  gills  of 
the  eel  {Anguilla  vulgaris)  and  other  teleosts  eosinophil  cells  similar  in 
appearance  to  the  oxyntic  cells  of  the  gastric  mucosa.  These  cells  are 
secretory  cells;  they  are  situated  in  the  proximal  parts  of  the  gill  leaflets, 
especially  on  the  side  nearest  to  the  gill  rays  (see  Plate  I,  Fig.  1).  They 
are  therefore  in  close  contact  with  the  venous  blood  entering  the  gills. 
Keys  and  Willmer  ascribe  to  these  cells,  especially  in  marine  species, 
the  function  of  excreting  chloride  from  the  blood  into  the  sea-water. 
Leiner^^^’^-^  describes  these  cells  again  and  finds  them  not  only  in  the 
gills  but  many  more  of  them  in  the  pseudobranchs,  a  preponderantly 
glandular  structure  situated  on  the  roof  of  the  palate.  The  organ  con¬ 
tains  a  vascular  network  which  gives  its  blood  to  the  major  ophthalmic 
artery.  Leiner  finds  a  very  high  carbonic  anhydrase  activity  in  the 
pseudobranchs;  the  gills  also  contain  the  enzyme.  He  believes  that  the 
enzyme  occurs  in  the  eosinophil  cells,  and  that  they  secrete  the  enzyme 
into  the  blood.  However  that  may  be,  it  is  interesting  that  these  two 
types  of  cells  of  similar  appearance,  the  oxyntic  cells  of  the  gastric 
mucosa  and  the  eosinophil  cells  in  teleosts,  should  contain  carbonic 
anhydrase  in  high  concentration.  Carbonic  anhydrase  is  also  found  in 
the  teleostian  eye  (choroid,  choroid  body,  retina). 

In  the  invertebrates,  carbonic  anhydrase  occurs  also  in  the  gills  (lob¬ 
ster,  squid).  Limulus  contains  the  enzyme  in  the  white  cells.  (Robertson 
and  Ferguson^”;  Ferguson,  Lewis,  and  Smith®’;  van  Goor^C) 

viii.  Hydrolysing  Enzymes 

Linderstr0m-Lang>24-iM  and  his  collaborators  in  Copenhagen  have 
worked  out  micro-methods  for  the  determination  of  a  number  of  en- 
zymes  in  microtome  sections.  The  fresh  tissue  is  frozen  and  a  cylinder 
o  small  diameter  stamped  out  and  cut  on  a  freezing  microtome;  alter¬ 
nate  sections  are  used  for  the  enzyme  analysis  and  for  the  histological 
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a.  Carbohydrate-splitting  Enzymes 

Amylase.  In  this  way  Linderstrom-Lang  and  EngeP^s  analysed  the 
distribution  of  amylase  in  the  barley  grain.  The  cells  bordering  the 
aleuron  and  starch  cells  showed  the  highest  enzyme  content,  about  20 
per  cent,  of  the  total  amylase  content  of  the  grain. 

Van  Genderen  and  EngeP®  also  studied  the  distribution  of  this  enzyme 
in  the  mucous  membrane  of  the  gut.  Horizontal  sections  were  made 
through  the  wall  of  the  gut,  parallel  to  the  free  surface;  the  first  few 


Distance  Prom  surface  oF  mucosa, mm. 

Text-fig.  3.  Amylase  activity  in  the  duodenal  mucosa  of  the  rabbit. 

Ordinates:  c.mm.  N/20  NajSjOs.  Abscissae:  V  =  level  of  villi; 

LC  =  level  of  crypts  of  Lieberkiihn ;  B  =  level  of  Brxinner’s  glands ; 

M  =  level  of  muscle  coat.  After  van  Genderen  and  Engel^®. 

—  amylase  activity ;  —  blanks. 

sections  through  the  block  of  tissue  contained  the  viUi  only;  later  sec¬ 
tions  went  through  the  region  of  the  crypts  of  Lieberkiihn,  still  deeper 
sections  through  the  muscularis  mucosae,  while  the  last  sections  went 
through  the  submucosa,  which  in  the  case  of  the  duodenum  contains 
Brunner’s  glands.  Enzymic  activity  was  measured  by  incubating  a  25/x 
section  of  a  diameter  of  2*36  mm.  for  40  minutes  at  32°  C.  with  a  standard 
amount  of  starch.  At  the  end  of  the  experiment  the  amount  of  starch 
left  over  was  determined  iodimetrically.  The  curve  in  Text-fig.  3  shows 
the  amount  of  N/20  Na2S203  used  for  the  free  iodine.  Thus  the  curve 
expresses  directly  the  amylase  activity  in  the  sections.  It  was  found 
that  in  the  rabbit  the  sections  through  Brunner’s  glands  in  the  sub¬ 
mucosa  contained  the  largest  amount  of  amylase.  Brunner’s  glands  of 
the  rabbit  contain  serous  and  mucous  cells,  while  those  of  the  rat  con¬ 
tain  mucous  cells  only;  in  the  latter  animal  no  amylase  was  found  at 
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the  level  of  the  glands.  In  the  ileum  of  the  rat  amylase  was  found  only 
in  the  region  of  the  villi,  smaller  amounts  in  fasting  animals,  more  after 
feeding.  It  is  very  likely  that  the  enzyme  is  only  adsorbed  to  the  surface 
of  the  epithelial  cells  covering  the  villi,  but  not  produced  by  them. 

In  the  case  of  Amoeba  proteus  Holter  and  Doyle®^  were  able  to  in¬ 
vestigate  the  intracellular  distribution  of  amylase.  Amoebae  were 
centrifuged  so  that  the  cell  contents  became  stratified,  and  the  enzyme 


I - 1 - 1 - 1 - 1 _ I _ i _ I _ I _ I _ I 

A  J  2  3  ^  ^ 

^  0  ^8^25^  40  ^22^7^  0  Z 

B. 

Text-fio.  4.  Diagram  of  centrifuged  amoeba.  The  first  scale  .shows  the  division  in 
transverse  zones;  the  second  scale  the  percentage  of  mitochondria  found  in  each  zone. 

For  abbreviations  see  text.  After  Holter  and  Doyle®^. 

content  was  then  determined  in  sections  made  parallel  to  the  plane  of 
stratification.  Text-fig.  4  shows  the  stratification  obtained:  fat  granules 
(F.)  and  vacuoles  (V.  and  C.V.)  accumulate  near  the  centripetal  pole; 
dense  cytoplasm  (D.C.),  crystalline  (Cr.)  and  other  cytoplasmic  inclu¬ 
sions  (S.)  near  the  centrifugal  pole.  The  nucleus  retains  a  central  posi¬ 
tion,  and  a  broad  middle  zone  is  filled  with  mitochondria  (Mito).  It  is 
this  region  which  was  found  to  contain  most  of  the  amylase.  The  enzyme 
content  in  each  section  was  proportional  to  its  content  of  mitochondria; 
e.g.  zones  1  to  3  contained  71  per  cent,  of  the  total  amylase,  and  zones 
1  to  4  all  the  amylase  of  the  cell.  It  was  suggested  that  the  mitochondria 
are  the  carriers  of  this  enzyme.  This  is  of  interest  in  view  of  the  probable 
association  of  other  enzymes  with  these  structures  in  liver  cells. 

Maltase.  Van  Genderen  and  EngeP®  also  investigated  the  distribution 
of  maltase  in  the  ileum  of  the  rat.  In  fasting  animals  they  found  most 
of  the  enzyme  in  sections  through  the  villi  and  the  upper  parts  of  the 
crypts  of  Lieberkiihn,  but  in  the  ileum  of  a  rat  killed  50  minutes  after 
feeding  the  crypts  of  Lieberkiihn  did  not  contain  this  enzyme.  If  the 
enzyme  were  formed  in  the  intestinal  mucosa  one  would  expect  to  find 
at  least  the  same  amount  after  feeding.  These  results  suggest  another 
explanation :  that  the  enzyme  is  of  pancreatic  origin  and  is  only  adsorbed 
on  the  epithelial  cells  of  the  villi  and  upper  part  of  the  crypts.  On  the 
other  hand  It  is  interesting  to  note  that  ih  fishes  which  have  no  crypts 
o  Lieberkiihn,  maltase  has  not  been  found  in  the  intestinal  raucosai*^ 
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b.  Lipolytic  enzymes 

Lipase.  Click’®  has  investigated  the  distribution  of  this  enzyme  in 
the  mucosa  of  the  pig’s  stomach  and  duodenum,  using  Linderstrom- 
Lang  s  technique.  Lipase  was  found  to  occur  in  approximately  equal 
concentrations  in  the  mucous  membrane  of  the  cardia,  fundus,  pylorus, 
and  duodenum.  The  prismatic  cells  lining  the  surface,  and  the  gastric  pits 
in  the  three  parts  of  the  stomach,  as  well  as  the  glands  in  the  cardiac 
and  pyloric  region,  contained  the  enzyme,  while  the  glands  of  the  fundus 
showed  a  slightly  smaller  activity.  All  parts  of  the  duodenal  mucosa 
contained  a  fairly  high  concentration  of  lipase,  the  greatest  activity 
being  found  in  the  villi  of  the  duodenum. 

The  results  obtained  by  Jeker^^b  who  made  a  histochemical  investiga¬ 
tion  of  fat  resorption  in  the  small  intestine  of  rats,  are  of  interest  in  this 
connexion.  Two  methods  were  used  on  frozen  sections:  (1)  Sudan  III, 
which  stains  neutral  fats  well;  (2)  Fischler’s  method’®,  which  was  claimed 
by  its  originator  to  show  the  presence  of  fatty  acids,  especially  oleic  acid. 
Although  the  latter  method,  which  is  based  on  the  ability  of  fatty  acids, 
when  treated  with  cupric  acetate,  to  form  copper  soaps  which  can 
then  form  black  lakes  with  haematoxylin,  has  since  been  shown  to  be 
relatively  unspecific,  Jeker’s  results  arc  nevertheless  indicative  of  the 
action  of  lipase  within  intestinal  cells.  The  epithelial  cells  covering  the 
villi  show'  a  considerable  content  of  black  granules  when  treated  by 
Fischler’s  method  30  minutes  after  feeding  3  c.c.  olive  oil;  very  little 
fat  can  be  shown  with  Sudan  III  at  this  stage.  A  few  hours  later  the 
reverse  is  observed;  the  majority  of  droplets  observed  are  intensely 
sudanophil,  while  only  traces  of  material  staining  positively  by  Fischler’s 
method  can  be  found.  These  changes  are  illustrated  in  Plate  I,  Figures 
2,  3,  4,  and  5. 

In  the  case  of  liver  cells,  Behrens^®  was  able  to  separate  the  nuclei 
from  the  cytoplasm  by  centrifugal  methods.  He  found  the  lipase  con¬ 
tent  of  the  cytoplasmic  fraction  20  times  higher  than  that  of  the  nuclei. 
The  small  amount  of  lipase  in  the  nuclear  fraction  was  probably  due 
to  contamination  with  cytoplasmic  material. 

Recently  Gomori®®  has  published  a  method  for  the  histochemical 
demonstration  of  lipase  activity.  This  method  depends  on  the  principle 
that  when  acetone-fixed  tissues  containing  the  enzyme  are  incubated 
at  pH  6-8-7'4  with  a  substrate  consisting  of  certain  water-soluble 
commercial  esters  of  fatty  acids  (Tween  40,  Tween  80,  or  Product  81) 
in  the  presence  of  calcium  ions,  the  fatty-acid  radicals  split  off  by  the 
action  of  the  enzyme  become  trapped  and  precipitated  at  the  site  of 
enzyme  activity.  By  these  means  it  is  claimed  that  lipase  activity  is 
associated  with  cytoplasmic  granules.  The  conditions  which  must  be 
satisfied  before  a  technique  of  this  kind  can  be  regarded  as  demonstrat¬ 
ing  the  cytological  localization  of  an  enzyme  have  been  discussed  in 
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Chapter  I,  Part  B.  The  lipase  technique  has  not  yet  been  investigated 
from  this  point  of  view,  and  until  this  has  been  done  its  results  must 
be  interpreted  with  caution. 

c.  Proteolytic  enzymes 

Pepsin.  The  distribution  of  this  enzyme  in  the  mucosa  of  the  pig’s 
stomach  was  investigated  by  Holter  and  Linderstrom-Lang^®,  using 
horizontal  sections  through  the  mucous  membrane.  They  used  edestin 
(2  per  cent.)  as  a  substrate,  and  measured  the  amino  groups  set  free  by 
the  enzyme  after  2  hours  at  40°  C.  (pH  2-1)  by  titrating  with  N/20  HCl 
in  acetone;  1  c.mm.  N/20  HCl  corresponds  to  0'7pg  amino  nitrogen^24 
The  enzyme  activity  can  be  expressed  as  units,  defined  as  the  amount 
of  pepsin  which  splits  0*63  XlO~^  millequivalent  peptide  linkages  of 
2  per  cent,  edestin  (pH  2-1)  in  14  c.mm.  during  2  hours  at  40°  C. 


Pepsin  units  in  a  single  cell  in  stomach  and  duodenum 
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009-0- 16 
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0- 14-0-23 

gland  cell 

0-04 

Oxyntic  cell  0 

A  very  high  activity  was  found  in  sections  throughout  the  fundus, 
especially  those  which  pass  through  the  deeper  part  of  the  tubular 
glands,  where  most  of  the  peptic  cells  are  found.  The  enzymic  activity 
here  corresponds  to  32-40  units.  By  contrast,  the  pyloric  mucosa  shows 
a  much  smaller  activity;  pepsin  was  found,  especially  in  the  deeper 
sections  through  the  glands,  and  amounted  to  just  over  4  units^*^.  The 
pepsin  curves  in  Text.-fig.  6  give  the  distribution  of  the  relative  enzyme 
activities  in  the  three  parts  of  the  stomach.  It  will  be  noted  that  a 
proteinase  (pepsin?)  which  splits  edestin  at  pH  2*1  was  also  found  in 
Brunner’s  glands  in  the  duodenum;  it  occurs  there  in  concentrations 
similar  to  those  in  the  cardiac  glands.  Pepsin  is  an  enzyme  which  has 
been  prepared  in  the  crystalline  state.  It  can  therefore  be  calculated 
that  a  single  peptic  cell  in  a  gland  of  the  fundus  contains  about  8  per 
cent,  of  its  weight  (c.  3x  10“®  mg.)  of  pepsin.  If  all  pyloric  gland  cells 
were  engaged  in  pepsin  production  the  pepsin  concentration  in  each 
single  glandular  cell  would  be  about  one-tenth  of  the  fundus  value. 
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Production  of  hydrochloric  acid.  Heidenhain*^  suggested  that  the 
oxyntic  (parietal)  cells  in  the  glands  of  the  fundus  produce  hydrochloric 
acid  and  that  the  smaller,  ‘  chief’,  or  peptic  cells  produce  pepsin.  Langley 
et  brought  further  evidence  in  favour  of  this  suggestion.  They 

investigated  the  frog’s  stomach,  where,  to  a  certain  degree,  glands  pro¬ 
ducing  pepsin  and  hydrochloric  acid  are  separated  from  each  other. 
Later,  Linderstrom-Lang  and  Holteri32,i33  made  a  detailed  quantitative 
study  of  the  acid  content  of  horizontal  sections  through  the  mucous 
membrane  of  the  pig’s  stomach,  which  is  rather  similar  to  that  of  man. 
Most  of  the  oxyntic  cells  are  found  in  the  upper  part  of  the  gland  of  the 
fundus  to  a  depth  of  c.  1  mm.,  while  the  peptic  cells  are  mainly  found 
in  the  lower  part  of  these  glands.  The  maximum  of  acid  corresponds 
to  the  level  of  highest  frequency  of  oxyntic  cells.  The  curves  for  acid 
and  pepsin  content  are  quite  different  from  each  other,  and  correspond 
very  well  to  the  distribution  of  the  two  types  of  cell^^*. 

The  acid  in  a  50 /x  section  of  2*36  mm.  diameter  is  neutralized  by 
2*5  c.mm.  M/100  borate.  This  amount  of  acid,  if  distributed  evenly 
through  an  oxyntic  cell,  would  amount  to  a  concentration  of  0*15  N; 
it  is  probable  that  such  an  enormous  concentration  can  only  be  present 
as  bound  acid.  Little  is  known  of  the  mechanism  which  leads  to  the 
liberation  of  the  acid,  but  the  following  two  points  seem  to  be  of  parti¬ 
cular  interest  in  this  connexion:  (1)  the  high  content  of  carbonic  an- 
hydrase  in  the  glands  of  the  fundus,  most  probably  in  the  oxyntic  cells, 
and  (2)  the  work  of  Palmer,  who  showed  that  there  was  a  maximum 
of  chloride  content  associated  with  the  maximum  of  oxyntic  cells^^®. 

Digestion  of  keratin.  In  most  animals  keratin  is  not  attacked  by 
proteolytic  enzymes.  The  larvae  of  the  clothes  moth  {Tineola  biselliella 
Humm)  feed  chiefly  on  keratin.  The  digestion  of  keratin  in  these  ani¬ 
mals  was  studied  by  Linderstrom-Lang  and  Duspiva^^?  Duspiva^^. 
The  larvae  of  the  wax  moth  {Galleria  mellonella),  which  does  not  digest 
keratin,  were  used  for  comparison.  The  surprising  observation  was  made 
that  the  proteinase  of  the  intestine  of  Tineola  does  not  digest  keratin 
in  vitro  at  the  physiological  pH  (9*6-10-2),  though  it  digests  casein 
actively.  Tbe  question  arose  as  to  how  the  epithelial  cells  of  the  in¬ 
testine  were  enabled  to  digest  keratin.  This  was  cleared  up  by  the 
following  experiments.  The  larvae  were  fed  with  wool  which  had  been 
soaked  in  various  oxidation-reduction  indicators.  Indigo-disulphonate 
stained  the  epithelium  and  contents  of  the  fore-  and  hind-gut  blue,  but 
in  the  mid-gut  it  was  partly  reduced  to  a  pale  green  {Eq  =  — 0-22  volts); 
the  fully  reduced  indicator  is  yellow.  When  cotton  fibres  soaked  in 
indicators  were  fed  the  results  were  even  clearer,  as  cotton  is  not  attacked 
by  the  enzyme.  In  this  case  blue  gallophenine  was  reduced  by  the  cells 
of  the  mid-gut,  corresponding  to  Eq  =  — 0‘29  volts.  Brilliant  alizarin 
blue  [Eq  =  —0-34  volts),  on  the  other  hand,  showed  no  colour  change 
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throughout  the  intestine.  From  these  observations  it  can  be  concluded 
that  the  epithelial  cells  of  the  mid-gut  of  the  larva  of  the  clothes  moth 
can  maintain  a  reduction  potential  as  low  as  —0-3  volts. 

It  is  not  clear  whether  this  potential  is  due  to  the  presence  of  SH 
groups  only  or  whether  other  reducing  agents  (hydrogen  carriers)  are 
involved.  The  important  effect  of  this  reduction  potential  is  that  the 
S — S  linkages  characteristic  of  the  keratin  molecule  are  reduced  to  — SH 
groups.  The  S — S  groups  form  a  cross-link  between  the  single  peptide 
chains  of  the  protein  and  are  responsible  for  the  insolubility  of  keratin. 
The  reduction,  therefore,  enables  the  proteinase  to  attack  the  keratin. 
Titration  of  the  free  amino  and  carboxyl  groups  shows  that  the  pro¬ 
teinase  of  the  intestine  of  the  Tineola  larva  splits  peptide  linkages.  It 
differs  from  other  proteinases,  e.g.  that  of  the  pancreas  or  that  found 
in  the  wax  moth,  in  that  it  is  not  inhibited  by  free  — SH  groups. 

Peptidases.  Peptidases  in  cells  may  have  different  functions,  and 
consequently  their  localization  varies  considerably: 

Endoenzymes,  i.e.  peptidases  which  occur  in  actively  growing  cells, 
where  they  play  their  part  in  building  up  proteins.  In  this  case  they 
are  always  diffusely  distributed  in  the  cytoplasm,  e.g.  in  unfertilized 
or  fertilized  ova,  or  growing  roots  of  plants. 

Exoenzymes,  i.e.  those  peptidases  which  are  found  attached  to 
specific  cell  granules,  e.g.  in  the  pancreas  or  intestine,  where  their 
role  may  be  either  to  be  excreted  or  to  synthesize  specific  proteins, 
e.g.  other  enzymes. 

(a)  Peptidases  in  growing  cells.  The  dipeptidases  of  the  ova  of  marine 
invertebrates  are  endoenzymes.  They  will  not  act  on  dipeptides  in  the 
surrounding  medium  unless  the  cell  is  killed  and  the  enzyme  allowed 
to  diffuse  into  the  medium,  where  it  comes  into  contact  with  the  sub¬ 
strate.  The  results  quoted  below  refer  to  the  alanyl -glycine  dipeptidase, 
unless  otherwise  stated.  The  unfertilized  egg  of  Dendrastev  excentricus 
weighing  0*50  pg  is  able  to  split  1  pg  alanyl -glycine  in  1  hour  at  40° 

If  the  egg  is  cut  into  two  halves  so  that  one  contains  the  nucleus,  both 
parts  show  an  approximately  equal  dipeptidase  activity.  From  this 
experiment  it  may  be  concluded  that  at  least  most  of  the  dipeptidase 
is  in  the  cytoplasm.  This  conclusion  is  supported  by  the  observation 

that  amoebae  can  be  enucleated  without  effect  on  their  dipeptidase 
activity®^. 

The  localization  of  dipeptidase  in  the  cytoplasm  was  investigated  by 
Philipsoni72.  He  centrifuged  unfertilized  eggs  of  the  sea-urchin  Psam- 
mechinus  miharis,  which  were  suspended  at  a  boundary  between  sea¬ 
water  and  a  sugar  solution  of  a  higher  specific  weight.  Under  these 
conditions  the  eggs  separated  into  a  small  heavier  and  a  large  lighter 
part.  Though  the  volumes  were  in  the  ratio  1 : 4  both  parts  had  an  equal 
dipeptidase  activity.  This  indicates  that  the  enzyme  molecules  are 
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associated  mainly  with  the  denser  part  of  the  cytoplasm,  although  it 
is  not  possible  to  connect  them  with  any  specific  cytoplasmic  structure. 
Similar  results  have  been  obtained  for  the  eggs  of  Arbacia,  Echinarach- 
nius,  and  Chaetopterus^'^'^ . 

That  fertilization  does  not  lead  to  an  increase  of  dipeptidase  activity 
in  either  Urechis  caupo^^^  or  Psarnmechinus^^^  suggests  that  in  these 
echinoderms  the  head  of  the  sperm  does  not  contain  dipeptidase. 


/V 

ct: 


12  3  4 


Text-pig.  5.  Distribution  of  I,  alanyl -glycine  dipeptidaso,  and 
II,  leucyl-glycine  dipeptidase,  in  the  radicle  of  the  barley  germ. 

Ordinates:  enzyme  activity;  abscissae:  distance  from  tip  of  the 
root  in  mm.  Curve  III  shows  the  ratio  of  both  enzyme  activities. 

After  Lindorstrom-Lang*^*. 

V  =  zone  of  maximum  cell  division. 

Fifteen  minutes  after  fertilization,  however,  there  is  a  slight  drop  in 
dipeptidase  activity,  the  cause  of  which  is  obscure.  Three  hours  after 
fertilization ,  i  .e.  in  the  1 6-cell  stage,  the  original  value  has  been  reached,  but 
later,  20-30  hours  after  fertilization,  when  there  is  a  decreasing  growth 
rate,  the  total  enzyme  activity  drops  again  to  half  the  original  value. 

No  clear  correlation  appears  to  exist  between  enzyme  activity  and 
cell  detefmination.  In  the  8-cell  stage  of  Psammechinus  miliaris  the  4 
upper  cells  are  already  determined  to  ectoderm  cells  and  the  4  lower 
ones  w'ill  give  rise  to  endodermal  and  mesodermal  structures.  However, 
at  this  stage  no  significant  difference  in  alanyl-glycine  dipeptidase 
activity  can  be  found  between  the  blastomeres®^. 
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Holter,  Lehmann,  and  Linderstrom-Lang®^  investigated  a  second 
leucyl-glycine  dipeptidase  in  the  case  of  the  eggs  of  Tubifex  rivulorum. 
This  enzyme  is  activated  by  Mg  ions,  which  was  not  observed  with  the 
alanyl -glycine  dipeptidase. 

In  the  radicle  of  the  barley  germ  (Text-fig.  5)  these  two  peptidases 
occur  in  different  concentrations  at  different  distances  from  the  tip  of 
the  root,  the  maximum  concentration  for  both  enzymes  being  found  at 
a  distance  of  0*80  mm.  from  the  tip  of  the  root,  i.e.  not  at  the  point  of 
maximum  cell  division  (V)  but  in  a  region  of  very  active  longitudinal 
cell  growth;  mitotic  divisions  were  found  mainly  in  the  first  ^ 

The  ratio  of  alanyl-glycine  to  leucyl-glycine  dipeptidase  changes  in 
favour  of  the  former  with  the  distance  from  the  tip  of  the  root  (See 
curve  III,  Text-fig.  5).  This  suggests  that  the  cytoplasm  of  the  older 
(longer)  cells  contains  more  alanyl-glycine  groups  than  that  of  the  less 
differentiated  younger  cells.  On  the  other  hand,  in  the  leaf  germs  both 
enzymes  are  evenly  distributed,  and  here  zones  of  cell  division  and  cell 
growth  cannot  be  distinguished. 

(b)  Peptidases  of  stomach  ,  intestine,  and  pancreas,  (i)  Stomach.  Alanyl- 
glycine  dipeptida.se  is  not  found  in  the  gastric  juice  but  in  the  mucous 
membrane  of  the  three  parts  of  the  stomach.  It  is  found  in  the  duodenal 
juice  and  in  the  duodenal  mucosa.  Linderstrom-Lang  and  Holter^*^’^^^ 
investigated  the  distribution  of  the  alanyl-glycine  dipeptidase  in  the 
mucosa  of  stomach  and  duodenum  of  the  pig,  and  details  of  its  distri¬ 
bution  in  cardia,  fundus,  and  pylorus  can  be  seen  in  Text-fig.  6.  In  the 
mucosa  of  the  fundus  the  distribution  of  the  enzyme  corresponds  to 
that  of  the  peptic  cells.  The  activity  of  the  enzyme  was  expressed  in 
units  which  are  defined  as  follows:  one  unit  is  the  amount  of  enzyme 
which  splits  0-5  X  10“^  millequivalent  peptide  linkages  in  14  c.mm.  0-1  M 
alanyl-glycine  solution  at  pH  7*4  in  20  minutes  at  30°  C.;  the  short  in¬ 
cubation  time  was  used  as  the  peptidase  content  in  the  25  p  sections 
was  considerable.  In  one  section  the  following  values  were  found: 
cardia,  maximum  of  nearly  4  units  in  the  glands;  fundus,  maximum  of 
about  3  units  in  the  region  of  the  peptic  cells  of  the  glands;  pylorus, 
maximum  of  over  5  units  in  the  region  of  the  glands;  in  the  duodenum, 

maxima  of  over  6  units,  both  in  Brunner’s  glands  and  in  the  crypts 
of  Lieberkiihn. 

The  deeper  levels  of  the  glands  of  the  fundus,  where  most  of  the  peptic 
cells  are  found,  show  a  peptida.se  activity  10-20  times  as  high  as  the 
I)epsm  activity.  A  single  peptic  cell  of  the  glands  of  the  fundus  is  able 
to  split  4-5  X  10-7  mg.  alanyl-glycine  in  20  minutes  at  30°  C.,  i.e.  0-15 
times  its  own  weight^^^.  This  activity  is  about  half  that  of  the  rapidly 
growing  egg  of  Dendraster,  which  splits  0-3  times  its  own  weight  in 
similar  condition.s.  Similarly,  a  single  pyloric  gland  cell  hydrolyses  0-68 
imes  its  own  weight  of  alanyl-glycine,  i.e.  the  dipeptidase  activity  is 
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4-5  times  greater  than  in  the  peptic  cells  of  the  fundus  glands.  On  the 
other  hand,  it  will  be  remembered  that  the  cells  of  the  pyloric  gland 
cells  contain  10  times  less  pepsin  than  the  cells  of  the  glands  of  the 
fundus.  There  does  not  seem  to  be  any  clear  correlation  between  these 
two  enzymes. 

A  dipeptidase  for  glycyl-Z-proline  was  found  in  the  pig’s  stomach; 


Text-fig.  6.  Diagram  of  relative  enzyme  activities  (ordinates)  of  the 
mucosa  of  the  pig’s  stomach.  Abscissae:  distance  in  mm.  from  the 
surface.  For  details  see  text.  After  Linderstrom-Lang**®. 

this  enzyme  was  present  in  all  layers  of  the  fundic  and  pyloric  mucosa. 
No  carboxypolypeptidase  is  found  in  the  stomach,  but  a  fairly  active 
aminopolypeptidase  which  occurs  in  fundus  and  pylorus  in  a  distribu¬ 
tion  similar  to  that  of  the  alanyl -glycine  polypeptidase. 

(ii)  Intestine.  There  are  two  maxima  in  the  distribution  of  alanyl- 
glycine  dipeptidase  activity  in  the  mucous  membrane  of  the  pig’s  duo¬ 
denum:  one  coincides  with  the  crypts  of  Lieberkiihn,  the  other  with 
Brunner’s  glands.  In  both  the  alanyl-glycine  dipeptidase  activity  of 
25  /X  sections  amounted  to  4—6  units  as  defined  above. 

Similar  results  with  glycyl -glycine  as  subvstrate  were  obtained  in  the 
case  of  the  duodenum  of  the  rat’®  (Text-fig.  7).  The  distribution  of  this 
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enzyme  has  also  been  studied  in  the  ileum  of  the  rat^®’.  Here  the  crypts 
are  longer  and  allow  a  more  detailed  analysis,  while  Brunner  s  glands 
are  absent.  The  distribution  again  shows  two  maxima,  one  being  found 
in  the  villi,  the  other  in  the  deepest  part  of  the  crypts,  where  Paneth 


Text-fig.  7.  Glycyl -glycine  dipeptidase  activity  in  the  upper  duodenum 
of  the  rat.  Values  after  3  hours  at  37°  C.  Curves:  a,  thick  line:  total  acid 
used  in  c.mm.  N/5  HCl  (left  ordinate  scale);  6.  dotted  line:  blanks  (left 
ordinate  scale) ;  c,  thin  line :  difference  between  o  and  h  in  c.mm.  N /5  HCl 
(right  ordinate  scale).  The  thin  curve  expresses  the  enzyme  activity.  The 
diagram  shows  a  longitudinal  section  through  the  upper  duodenum.  V,  Villi ; 

LC,  Crypts;  B,  Brunner’s  glands;  M,  Muscularis.  (Van  Genderen  and 

Engel.'®) 

cells  occur  (Text-fig.  8,  and  Plate  II,  Fig.  1).  The  interpretation  of 
the  facts  given  is  that  the  production  of  the  enzyme  takes  place  in 
the  Paneth  cells,  which  extrude  their  granules  into  the  lumen  of  the 
crypts,  where  they  dissolve  rapidly.  The  surface  of  the  villi  merely 
adsorbs  the  enzyme.  In  the  light  of  these  conclusions  it  would  be 
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interesting  to  analyse  the  small  intestine  of  dogs  and  cats,  where  Paneth 
cells  do  not  occur.  The  granules  of  the  Paneth  cells  are  regenerated 
c.  7  hours  after  an  injection  of  pilocarpine,  but  an  analysis  of  the 
parallelism  between  the  number  of  granules  in  Paneth  cells  and  their 


Text-fig.  8.  Glycyl-glycine  dipeptidase  activity  in  the  ileum 
of  the  rat.  Abscissae  and  ordinates  as  in  Text-fig.  7.  P  =  level  of 
Paneth  cells,  other  abbreviations  as  in  Text-fig.  7.  After  van 

Genderen  and  EngeP'^. 


enzyme  content  does  not  appear  to  have  been  made;  the  granules  them¬ 
selves  give  a  positive  ninhydrin  reaction®^.  Even  if  all  prismatic  cells 
were  engaged  in  the  production  of  the  enzyme  the  dipeptidase  content 
of  a  single  cell  w'ould  be  the  highest  so  far  recorded,  i.e.  c.  0-8  units. 

(iii)  Pancreas.  Two  types  of  peptidase,  i.e.  glycyl-glycine  dipeptidase 
and  carboxypolypeptidase,  have  been  shown  to  occur  in  the  excretory 
cells  of  the  pancreas^®’*^®*.  The  pancreatic  secretion,  however,  contains 
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no  dipeptidase  under  physiological  conditions.  Only  if  very  strong 
stimuli  are  applied,  e.g.  intravenous  injection  of  pilocarpine,  do  traces 
of  dipeptidase  appear  in  the  secretion.  This  enzyme,  however,  can 
always  be  found  in  the  cells.  The  amount  of  enzyme  in  a  25 /it  section 
(diameter  2-6  mm.)  of  the  pancreas  of  a  fasting  rat  is  able  to  split 
peptide  linkages  corresponding  to  0-4  c.mm.  N/5  HCl  during  2  hours 


mouse.  Ordinates :  c.mm.  N/5  HCI  due  to  enzyme  activity.  Abscissae :  hours 
after  injection  of  pilocarpine.  H  =  value  for  the  fasting  animal.  (Van 

\Veel»9^) 


at  37°  C.  One  hour  after  the  injection  of  pilocarpine  this  value  has 
dropped  to  0-3  c.mm.,  and  5  hours  after  the  injection  it  reaches  a  maxi¬ 
mum  of  0*55  c.mm.  (Text-fig.  9).  Later  the  activity  drops  gradually 
until  it  reaches  the  resting  value  9-12  hours  after  the  injection^®^. 

The  interesting  point  about  the  regeneration  of  the  dipeptidase  is  the 
following:  the  granules  of  the  pancreatic  cells  are  extruded  into  the 
lumen  of  the  acini  after  an  injection  of  pilocarpine;  they  reach  a  mini¬ 
mum  in  the  cells  about  an  hour  later  and  are  gradually  re-formed  until, 
after  about  12  hours,  the  original  amounts  are  present  (curve  x — x. 
Text-fig.  10).  Lipeptidase  is  not  present  in  the  granules  which  are 
excreted;  the  presence  of  very  small  amounts  of  dipeptidase  in  the  pan¬ 
creatic  juice  after  an  unusually  strong  stimulus  is  due  to  the  very  rapid 
extrusion  of  the  cell  granules,  which  under  these  conditions  carry  with 
them  small  accretions  of  cytoplasm.  This  has  been  confirmed  by  cyto- 
logical  observation.  It  has  been  suggested^^^  that  the  dipeptidase  plays 
a  part  in  the  formation  of  another  enzyme— the  carboxypolypeptidase 
which  is  normally  secreted  by  the  pancreatic  cells,  and  which  has  been 
prepared  in  a  crystalline  state  by  Anson^.  Van  Weel  and  EngeL^^  were 
able  to  show  that  there  is  a  definite  correlation  between  the  amount  of 
granules  in  the  pancreatic  cells  and  the  carboxypolypeptidase  content 
determined  in  tissue  sections.  The  highest  content  of  this  enzvme  is 
ound  in  a  fasting  animal.  One  hour  after  an  injection  of  pilocarpine 
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a  sharp  drop  occurs  to  two-thirds  of  the  initial  activity,  and  to  one- 
third  after  3  hours  (Text-fig.  11).  Later  the  enzyme  content  gradually 


Text-fio.  10.  Granule  content  (x — x)  of  pancreatic  cells  of  the 
mouse  and  carboxypolypeptidase  content  (o — o)  of  the  pancreas, 
expressed  in  percentages  of  the  values  for  the  fasting  animal 
(H  =  100  per  cent.),  Ab.scissae:  hours  after  injection  of  pilocar¬ 
pine.  (Van  Weel  and  EngeP*®.) 
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Text-fio.  11.  Carboxypolypeptidase  activity  in  the  pancreas 
of  the  mouse.  Ordinates  and  abscissae  as  in  Text-fig.  9.  (Van  eel 

Hnd  Eni?el'**.l 


rises  again  to  reach  its  initial  value  after  c.  12  hours.  The  number  of 
granules  shows  a  similar  change.  In  the  curves  of  Text-fig.  10  the 
number  of  granules  and  the  enzyme  activity  of  the  fasting  pancreas 
are  taken  as  100  per  cent.;  it  can  be  seen  that  a  striking  parallelism 
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exists  between  the  two  curves.  The  time-lag  in  the  fall  of  the  enzyme 
content  during  the  1st  to  3rd  hours  is  due  to  the  accumulation  of  secreted 
enzyme  in  the  ducts  of  the  gland,  which  have  practically  no  muscle  in 
their  walls  and  empty  their  contents  only  slowly. 

Although  practically  nothing  is  known  of  the  synthesis  of  enzymes 
in  cells,  the  following  two  points  may  be  of  interest: 

(1)  iJy  comparing  Text-figs.  9  and  1 1  it  will  be  seen  that  the  rise  of 
the  dipeptidase  curve,  which  reaches  its  maximum  during  the 
fifth  hour,  always  precedes  that  of  the  carboxypeptidase  curve. 
It  is  mainly  on  these  grounds  that  the  possible  role  of  dipeptidase 
in  the  synthesis  of  carboxypolypeptidase  has  been  suggested. 

(2)  During  the  regeneration  of  the  cell  granules  1-2  hours  after  feed¬ 
ing,  small  granules  are  found  in  the  cytoplasm  which  give  a  posi¬ 
tive  Feulgen  reaction^®**.  Desoxypentose  nucleic  acid  giv'es  the 
same  test,  and  possibly  nucleic  acids  or  their  derivatives  play  a 
part  in  these  processes. 

d.  Urease 

In  the  mucosa  of  the  dog’s  stomach  this  enzyme  was  found  to  be 
present  in  the  prismatic  cells  lining  the  surface,  in  the  gastric  pits  in 
fundus  and  pylorus,  and  also  in  the  cells  forming  the  necks  of  the  glands 
in  both  parts  of  the  stomach^^®.  The  absolute  values  of  urease  activity 
showed  considerable  variation.  The  maxima  were  found  in  the  fundus 
at  a  depth  of  0*2  to  0-4  mm.,  corresponding  to  the  gastric  pits  or  the 
neck  of  the  glands.  The  maxima  in  the  pyloric  region  were  at  0*4  mm. 
depth,  corresponding  to  the  gastric  pits  and  the  level  of  the  necks  of 
the  pyloric  glands.  No  urease  was  found  in  the  pig’s  stoniach^^^. 

e.  Arginase 

The  distribution  of  arginase  between  the  cytoplasm  and  the  nucleus 
of  liver  cells  has  been  studied  by  a  number  of  workers^^’^®^.  The  method 
used  in  all  cases  was  the  fractionation  of  the  cells  by  fragmentation  of 
fresh  or  frozen -dried  tissue  followed  by  the  separation  of  fractions  of 
different  density  by  centrifugal  or  flotation  methods.  A  fraction  con¬ 
sisting  almost  entirely  of  nuclei  could  be  obtained  in  this  way.  The 
nuclear  fraction  had  a  similar  arginase  content  to  that  of  the  other 
fractions.  This  result  does  not  indicate  that  arginase  is  distributed 
evenly  throughout  the  cell.  As  Danielli  has  pointed  out,  the  nuclear 
fraction  could  well  be  contaminated  by  material  adsorbed  from  the 
cytoplasm  during  the  process  of  preparation,  and  vice  versa. 

The  intracellular  topography  of  a  number  of  enzymes  has  been  studied 
by  similar  methods.  Only  one  of  them  (alkaline  phosphatase,  see 
below)  has  been  shown  to  occur  in  higher  concentration  in  the  nuclei 
of  cells.  The  use  of  such  methods  for  determining  the  enzyme  content 
of  parts  of  cells  has  been  discussed  in  an  earlier  chapter. 
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f.  Phosphatases 

Little  is  actually  known  about  the  part  played  by  these  widely  distri¬ 
buted  enzymes  in  cell  processes,  although  they  have  been  extensively 
investigated  fiom  a  histochemical  point  of  view.  It  is  known,  however, 
that  they  play  a  part  in  the  process  of  ossification,  and  also  in  the 
synthesis  of  fats  in  the  intestinal  mucosa.  They  may  plav  a  general 
part  in  phosphorylation  processes.  A  classification  of  phosphatases  is 
given  by  Folley  and  Kay’h 

1.  Intestinal  phosphatase.  Jekeri^i  found  that  in  rats  poisoned  with 
monoiodoacetic  acid — a  specific  poison  for  phosphorylation  processes — 
neutral  fats  fail  to  appear  within  the  epithelial  cells  covering  the  villi 
even  6  hours  after  feeding  with  3  c.c.  olive  oil,  although  what  are 
probably  fatty  acids  can  be  shown  to  be  present  at  these  sites;  this 
suggests  that  a  phosphatase  is  involved  in  the  process. 

Phosphatases  capable  of  hydrolysing  a  variety  of  phosphorylated  com¬ 
pounds  and  acting  in  both  the  alkaline  and  acid  pH  ranges  have  been 

show  n  in  the  intestinal  mucosa  by  histochemical  procedures2’’'*6.47.49, 57, 79, 103 

The  methods  used  have  been  based  on  those  first  described  by  Gomori’® 
and  TakamatsiP^®.  The  histochemical  reaction  is  observed  to  occur  in 
two  main  sites:  (a)  at  the  brush  border  of  the  epithelial  cells,  and  within 
the  cytoplasm  of  the  cells,  particularly  in  the  region  occupied  by  the 
Golgi  element.  It  has  been  claimed  that  the  enzymes  in  these  tw  o  sites 
are  differentially  susceptible  to  KCN  and  to  the  action  of  different 
substances  used  as  cytological  fixatives.  Attempts  have  also  been  made 
to  distinguish  the  presence  of  different  enzymes  at  these  sites  on  a  basis 
of  substrate  specificity  and  pH  range.  It  is  questionable,  however,  to 
what  extent  these  enzymes  are  substrate-specific;  they  are  probably 
more  bond-specific,  a  single  enzyme  being  capable  of  hydrolysing  a  large 
variety  of  monoesters  of  phosphoric  acid^®®.  There  is  evidence,  how^- 
ever,  that  the  enzymes  with  optima  in  the  acid  and  alkaline  ranges 
represent  different  entities. 

2.  Bone  phosphatase.  Robison^’®’!’*  was  the  first  to  show'  the  presence 
of  phosphatase  in  bones  by  placing  portions  of  bones  of  young  rats  in 
solutions  of  barium  hexose  monophosphate;  these  showed  a  precipitate 
of  barium  phosphate  after  a  few  hours.  Later  he  devised  a  method  for 
demonstrating  the  presence  of  this  enzyme  in  which  sections  of  tissue 
are  placed  in  a  solution  containing  phosphoric  esters.  By  the  action 
of  the  enzyme  phosphate  is  liberated,  to  be  precipitated  as  the  calcium 
salt  in  the  tissue  and  stained  with  AgNOg  (Kossa’s  method)  or  w’ith 
purpurin  or  other  stains.  This  allowed  a  fairly  accurate  localization  of 
the  enzyme.  This  technique  has  since  been  superseded  by  Gomori  and 
Takamatsu’s  more  elegant  technique,  which  can  also  be  used  to  show 
bone  phosphatase  activity.  For  quantitative  investigations,  how'ever, 
tissue  extracts  are  used. 
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(a)  Amount  and  distribution  of  enzyme.  In  bone,  the  enzyme  is  found 
wherever  ossification  is  taking  place  or  is  going  to  take  place.  Thus  the 
epiphysial-diaphysial  junction  of  the  growing  bone  has  a  very  high 
content,  as  has  also  the  ossifying  epiphysis.  Slightly  lower  concentra¬ 
tions  were  found  in  the  ossifying  diaphysis.  Hypertrophic  cartilage  has 
also  a  high  content  of  phosphatase,  and  it  has  been  shown  that  the 
hypertrophy  of  the  cartilage  cell  invariably  precedes  the  ossification®2.64; 
e.g  the  cells  of  the  cartilaginous  embryonic  skeleton  of  the  mandible 
(Meckel’s  cartilage)  never  hypertrophy,  do  not  form  perichondrial  bone, 
and  contain  no  phosphatase®'*-®®.  The  same  applies  to  costal  cartilage. 
By  contrast,  in  the  case  of  the  mandibular  bones,  which  originate  as 
‘membrane  bones’,  i.e.  from  ossification  centres  developing  in  the  con¬ 
nective  tissue  independently  of  the  cartilage,  phosphatase  is  found  only 
in  these  ossification  centres.  Phosphatase  is  also  found  in  the  ossifica¬ 
tion  centre  of  the  parietal  bone,  another  membrane  bone,  and  in  the 
developing  tooth. 

The  time  when  the  phosphatase  can  first  be  detected  in  the  cartilage 
coincides  exactly  with  the  onset  of  hypertrophy  of  the  cartilage  cells®^-®®. 
If  the  cartilaginous  femur  rudiment  of  the  fowl  embryo  was  explanted 
at  an  early  stage  (6  days)  it  contained  no  hypertrophic  cartilage  cells 
and  no  phosphatase.  After  3  days  cultivation  in  vitro  the  first  hyper¬ 
trophic  cartilage  cells  appeared  in  the  middle  of  the  shaft  and  the  first 
traces  of  enzyme  could  be  detected  (Text-fig.  12).  The  bone  grown  in 
vitro  contains  more  phosphatase  per  unit  weight  than  the  bone  in  vivo. 
It  is  interesting  that  the  enzyme  is  synthesized  in  vitro,  independently 
of  the  blood  circulation,  as  an  intrinsic  activity  of  the  cells.  Compared 
with  other  tissues  the  following  relative  phosphatase  activities  w^ere 
found  in  27-day-old  rats  (substrate,  hexose  monophosphate;  pH  9)1®^: 

Ossifying  epiphysial  cartilage  of  long  bones  .  .100 


Costal  cartilage  (not  ossifying) 
Kidney 
Liver 
Muscle 


1 

47 

5 

5 


The  phosphatase  activity  of  human  cartilages  and  bones  measured  on 
1  c.c.  of  5  per  cent,  tissue  extract  for  18  hours  at  30°  C.  at  pH  8-4  (sub¬ 
strate,  glycerophosphate)  was  found  to  be  as  follows: 


5^-month-old  embryo:  Femur  shaft 

Epiphysial  junction 
Epiphysis  (not  yet  ossified) 

Parietal  (membrane  bone) 

Infant  full  tenn :  Costal  cartilage  . 

Costochondral  junctions  ossifying 
Infant  7  months  old:  Patella:  not  yet  ossified  . 

Child  6  years  old:  Patella:  half  containing  ossification  centre 

half  without  ossification  centre . 


Ester  hydrolysed 
60  per  cent. 

71 
0-3 
42 
0 

69 
0 

70 
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At  the  temperature  and  pH  of  blood  the  phosj)hatase  present  in  a  grow¬ 
ing  bone  of  a  rabbit  splits  enough  phosphoric  esters  in  1  hour  to  precipi¬ 
tate  calcium  phosphate  equal  to  half  the  total  weight  of  the  bone. 
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Text-fig.  12.  Phosphatase  content  of  femora  of  6-(1ay  fowl  embryos  grown  in  vitro  and 
during  normal  development  (Fell  and  Robison®^). 

Left.  Production  of  phosphatase  during  the  development  in  vitro  of  femora  from  6-day  fowl  embryos. 
A  =  Phosphatase  per  femur;  given  as  the  amount  of  hydrolysis  (mg.  P)  of  sodium  glycerophosphate  in 
24  hours  at  37°C.  and  pH  8-5.  A/W  =  Phosphatase  per  mg.  dry  weicht  of  femur  (weighed  after  e.xtniction). 

Rit/ht.  Production  of  phosphatase  in  the  femur  of  the  embryonic  fowi  during  normal  development  in  ot'o. 
A  =  Phosphatase  per  femur.  A/W  =  Phosphatase  per  mg.  dry  weight  of  femur  (weighed  after  extraction). 
A/W,  =  Phosphatase  per  mg.  dry  weight  of  femur  (calculated  on  dry  weight  of  corresponding  unextracted 
femur). 


(6)  The  action  of  the  enzyme.  It  is  probable  that  bone  phosphatase  is 
one  of  a  group  of  enzymes  splitting  monoesters  of  phosphoric  acid,  which 
also  includes  the  alkaline  phosphatase  demonstrated  by  Goniori’s 
technique.  This  type  of  phosphatase  is  found  in  the  intestinal  mucosa, 
leucocytes,  blood  plasma,  kidney,  mammary  gland,  thyroid  (only  when 
inactive),  and  in  blood  vessels  in  the  lung  and  central  nervous  system, 
and  in  capillary  vessels  in  many  parts  of  the  body.  Its  activity  maxi¬ 
mum  lies  at  pH  9-4.  It  is  activated  by  Mg  ions,  and  inhibited  by  M/100 
KCN. 

In  general  the  enzyme  is  found  in  two  main  sites  in  the  cells  in  which 
it  occurs:  in  the  cytoplasm,  where  it  may  be  associated  with  macro- 
molecular  materiaP^^,  and  in  nuclei.  A  careful  study  of  the  technique 
by  Danielli®®  has  shown  that  the  locations  revealed  histochemically 
probably  represent  the  true  site  of  the  enzyme.  In  nuclei,  the  enzyme 
has  been  shown  histochemically  to  be  associated  with  the  Feulgen- 
positive  bands  of  Drosophila  salivary  gland  chromosomes^^  Enzyme 
studies  on  isolated  nuclei  have  shown  that  alkaline  phosphatase  is  the 
only  enzyme  which  can  be  shown  by  these  methods  to  be  present  in 
liver  cell  nuclei  in  higher  concentration  than  in  the  cytoplasm^®. 

Extracellularly,  the  enzyme  is  found  in  or  on  the  brush  borders  of 
the  cells  of  the  epithelia  of  kidney  and  intestine,  where  it  is  presumably 
adsorbed"*®.  In  hypertrophic  cartilage  cells  the  enzyme  diffuses  from 
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the  cytoplasm  into  the  surrounding  intercellular  spaces,  where,  by^its 
action,  phosphoric  esters  are  split  to  bring  about  an  increase  in  1  O4 
ions^®^.  Two  processes  thus  seem  to  be  involved  in  the  process  of  calci¬ 
fication:  (1)  the  action  of  the  phosphatase  leading  to  a  supersaturation 
of  the  intercellular  matrix  with  bone  salts,  and  (2)  a  mechanism  leading 
to  the  deposition  of  these  bone  salts.  Very  little  is  known  about  this 
second  mechanism,  but  it  may  be  due  to  local  pH  changes  or  other 
factors,  e.g.  vitamin  D.  Treatment  with  fat  solvents,  desiccation,  glu¬ 
cose,  or  very  low  concentrations  of  KCN  impairs  the  second  process, 
but  not  the  first.  In  rickets  a  broad  irregular  band  of  hypertrophic 
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cartilage  and  osteoid  tissue  is  found  at  the  epiphysial  junction.  A  higher 
concentration  of  phosphatase  is  present  in  rachitic  bones,  but  calcium 
and  phosphate  cannot  be  deposited  owing  to  a  deficiency  of  the  fat- 
soluble  vitamin  Moreover,  fat  solvents  impair  the  deposition  of 

bone  salts  in  normal  slices  of  bone  (see  above),  and  normal  cartilage 
cells  and  osteoblasts  contain  small  granules  which  stain  with  Sudan  and 
reduce  osmium  tetroxide. 

The  importance  of  these  other  factors  in  promoting  calcification  in 
vivo  is  illustrated  by  Plate  2,  Figs.  5  and  6.  Here  intense  calcification 
could  be  shown  to  take  place  in  rachitic  bones  in  vitro  as  the  result  of 
the  action  of  a  phosphatase  on  calcium  hexose  monophosphate  which 
could  not  take  place  in  vivo  owing  to  the  absence  of  other  factors. 

Huggins®®”^®^^  has  shown  that  when  bladder  epithelium  of  the  dog  is 
transplanted  to  the  sheath  of  the  abdominal  rectus  muscle  and  survives, 
after  18  days  the  surrounding  connective  tissue  will  form  bone.  The 
deposit  of  heterotopic  bone  goes  parallel  with  the  appearance  of  phos¬ 
phatase.  The  following  figures  for  enzyme  activity  were  found: 


Controls 

After  transplantation  of  bladder 
mucosa  in  the  rectus  sheaths 

Rectus  sheaths  . 
Bladder  mucosa  . 

.  0 

.  0-2 

Rectus  sheaths  .  .  .0-1 

Rectus  sheath  with  bladder  epi¬ 
thelium  and  ossification  .  0*20 

So  far  only  the  ester-splitting  activity  of  the  bone  pho.sphatase  has  been 
dealt  with,  but  the  deposition  of  calcium  phosphate  (probably  as  cal¬ 
cium  carbonate  apatite)  proceeds  in  the  growing  bone  side  by  side  with 
resorption  of  the  bone  matrix  by  osteoclasts.  Very  little  is  known 
whether  and  at  what  stage  of  the  resorption  of  bone-soluble  phosphoric 
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esters  are  resynthesized  by  this  enzyme;  but  it  has  been  shown  in  vitro 
that  phosphatase  can  synthesize  phosphoric  esters^'*®*^^’*.  Moreover,  it 
is  known  that  hyperparathyroidism  leads  to  the  appearance  of  large 
numbers  of  osteoclasts  and  the  removal  of  bone  salts. 

3.  Acid  phosphatase.  The  distribution  in  tissues  of  an  intracellular 
phosphatase  with  a  pH  optimum  of  pH  4*5  and  sensitivity  to  fluoride 
has  been  studied  by  a  number  of  workers  using  histochemical  methods^®. 
The  sites  occupied  by  this  enzyme  are,  in  general,  different  from  those 
at  which  alkaline  phosphatase  is  found.  For  instance,  in  the  central 
nervous  system  concentrations  of  acid  phosphatase  are  found  in  the 
cytoplasm  and  processes  of  nerve  cells^®,  while  the  latter  enzyme  is 
restricted  to  the  glia  and  the  vascular  endothelium.  However,  in  the 
hands  of  many  workers  the  acid  phosphatase  technique  has  proved 
capricious  and  unreliable^^®,  and  it  has  not  been  critically  established 
that  this  technique  does  in  fact  demonstrate  the  true  cy  tological  localiza¬ 
tion  of  this  enzyme  (see  above.  Chapter  I). 

Moreover,  the  technique  as  at  present  used  is  at  best  only  crudely 
quantitative,  and  does  not  reveal  differences  in  phosphatase  activity 
that  can  be  shown  by  more  sensitive  biochemical  techniques'^.  Never¬ 
theless,  it  has  been  possible  to  demonstrate  by  means  of  this  technique 
that  an  increase  in  cytoplasmic  phosphatase  activity  takes  place  in 
nerve  cells  during  the  chromatolytic  cycle  which  follows  axon  section^^. 

g.  Cholinesterases 

This  group  of  enzymes  includes  several  which  catalyse  the  hydro¬ 
lysis  of  acetylcholine: 

(CHalgN— CH2— CHoO— C :  OCH3 + HgO 

Acetylcholine  (CHalgN— CH2— CHaOH-f  CH3COOH 

Choline  Acetic  acid 

Acetylcholine  is  of  biological  importance  as  a  transmitter  of  nervous 
impulses  at  nerve  endings.  It  was  first  shown  by  Loewi  to  act  as  the 
‘vagus  substance’  in  the  frog’s  heart,  but  its  more  generalized  im¬ 
portance  has  long  been  recognized.  The  term  ‘cholinergic  nerves’  has 
been  introduced  by  Dale  for  those  nerves  which  act  by  the  release  of 
acetylcholine.  In  mammals,  acetylcholine  is  believed  to  transmit  im¬ 
pulses:  (a)  in  many  autonomic  ganglia,  (6)  at  the  endings  of  many  post¬ 
ganglionic  autonomic  fibres,  chiefly  in  the  parasympathetic  system, 
(c)  at  the  motor  endings  in  skeletal  muscle.  Further,  there  are  many 
observations — including  observations  on  the  occurrence  of  cholinester¬ 
ase — which  suggest  that  acetylcholine  is  also  active  in  many  synapses 
within  the  central  nervous  system.  Cholinergic  fibres  also  occur  in  many 
invertebrates;  annelid  worms  and  crustaceans  have  been  particularly 

studied®’^^^474,2oi 
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In  1940,  Alles  and  Hawes  described  differences  between  the  cholin¬ 
esterases  of  the  human  serum  and  red  cells®;  thestudy  of  these  differences 
has  led  to  a  classification  of  these  enzymes  which  is  not  yet  complete. 
Mendel  and  his  colleagues!^’  introduced  the  term  ‘pseudocholinesterase’ 
for  the  enzyme,  of  which  human  and  horse  serum  are  prototypes;  they 
have  made  it  likely  by  the  use  of  specific  inhibitors  that  this  enzyme 
is  not  concerned  with  destruction  of  transmitter  in  the  living  animal. 
Mendel  et  al.  called  the  enzyme  found  in  nervous  tissue  and  in  red  cells 
‘true’  cholinesterase,  and  it  is  this  enzyme  which  is  held  responsible  for 
the  inactivation  of  transmitter  substance  in  vivo. 

Originally,  ‘true’  cholinesterase  was  defined  as  an  enzyme  specific  for 
choline  esters.  It  has,  however,  been  found  that  preparations  of  human 
red  cells  and  of  caudate  nucleus  are  able  to  hydrolyse  triacetin  (glyceryl 
triacetate)-!.  Further  analysis  has  made  it  likely  that  the  hydrolysis 
of  triacetin  is  in  fact  catalj^sed  by  ‘true’  cholinesterase^’!®-^’.  It  is  of 
interest  that  both  acetylcholine  and  triacetin  are  also  hydrolysed  by 
cobra  venom^®;  here  again  it  appears  that  one  and  the  same  enzyme  is 
responsible  for  the  hydrolysis  of  both  acetylcholine  and  triacetin*®;  this 
suggests  that  a  preference  for  acetates  seems  a  general  property  of  this 
type  of  enzyme. 

The  ‘pseudocholinesterase’  type  of  enzyme  is  also  widely  distributed. 
Purified  preparations  of  the  enzyme  have  been  obtained  from  horse 
serum  and  dog  pancreas.  High  cholinesterase  activity  in  the  mucous 
membrane  of  the  stomach  was  described  before  the  separate  entity  of 
the  different  cholinesterases  was  recognized;  using  the  methods  de¬ 
veloped  by  Linderstrom-Lang,  Click”  has  shown  that  the  activity  is 
particularly  concentrated  in  the  region  of  the  gastric  surface  cells. 
Recent  observations  show  that  this  enzyme  is  to  be  classified  as  a 
‘pseudocholinesterase’  (Blaschko  and  Hawkins  unpublished  work). 

It  must  not  be  forgotten  that  substrate  specificity  is  determined  by 
the  character  of  the  enzyme  protein,  and  that  it  is  therefore  probable 
that  the  cholinesterases  of  different  species  and  from  different  organs 
will  be  different  in  some  respects.  This  is  true  for  some  of  the  cholin¬ 
esterases  from  invertebrates,  some  of  which  display  interesting  differences 
in  the  pattern  of  substrate  specificities’.  In  addition  to  the  enzymes 
mentioned  there  exist  cholinesterases  which  are  inactive  towards  acetyl¬ 
choline,  but  are  able  to  hydrolyse  other  cholinesters,  e.g.  benzoylcholine. 
An  enzyme  of  this  type  is  found  in  ruminants,  e.g.  in  the  kidney  of  the 
ox  ;  another  occurs  in  the  guinea-pig’s  liver. 

The  distribution  of  cholinesterase  in  the  nervous  system  has  been 
v  eil  studied!®®.  The  distribution  of  the  enzyme  is  compatible  with  the 
view  that  It  IS  responsible  for  the  inactivation  of  the  transmitter  after 
It  has  done  Its  work.  It  is  obvious  that  a  substance  which  has  such 
powerful  effects  must  be  prevented  from  spreading  and  stimulating 
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distant  excitable  structures.  In  addition,  the  transmitter  must  be  pre¬ 
vented  from  stimulating  for  too  long  a  period. 

The  distribution  of  the  enzyme,  as  studied  in  the  mammal,  corre¬ 
sponds  to  these  functions:  concentrated  wherever  cholinergic  fibres  in¬ 
nervate  an  excitable  structure  with  a  short  refractory  period,  e.g.  in 
striated  muscle  or  in  the  sympathetic  ganglion.  In  the  case  of  striated 
muscle  the  distribution  of  cholinesterase  in  the  sartorius  of  the  frog 
(Rana  esculenta)  has  been  studied.  This  muscle  was  chosen  because  the 
distribution  of  nerve  endings  in  the  muscle  has  been  well  studied.  The 
muscle  is  known  to  be  free  of  nerve  endings  in  its  pelvic  end.  A  careful 
study  of  the  distribution  of  nerve  endings  was  recently  made  by  Pezard 
and  May^’^.  They  applied  a  modification  of  Ramon  y  Cajal’s  silver 
method  and  made  serial  sections  of  the  muscle  and  counted  the  nerve 
endings.  They  found  that  the  pelvic  end— about  one-eighth  of  the 
length  of  the  muscle — was  completely  free  of  nerve  endings,  the  pelvic 
fifth  contained  only  very  few  endings,  but  the  adjoining  fifth  of  the 
muscle  w^as  extremely  rich  in  endings.  The  distribution  of  cholinesterase 
was  determined  as  follows  (Marnay  and  Nachmansohn^^**):  the  muscle 
was  divided  into  five  parts,  the  tissues  were  finely  ground,  and  the 
esterase  activities  of  the  different  portions  determined.  The  extracts 
were  suspended  in  a  bicarbonate  solution  and  acetylcholine  was  added. 
The  acetic  acid  formed  in  the  hydrolysis  of  acetylcholine  liberated  COg 
from  the  solution;  the  rate  of  COg  formation  was  determined  mano- 
metrically.  ,The  activities  are  expressed  as  QChE,  i.e.  as  mg.  acetyl¬ 
choline  chloride  hydrolysed  by  100  mg.  of  tissue  in  60  minutes.  For  the 
two  adjoining  portions  the  following  QChE  values  were  found: 

Pelvic  end:  0-135.  Second  fifth:  0-795. 

In  order  to  know  the  relative  concentration  of  the  enzyme  in  or  around 
the  nerve  endings,  it  would  be  necessary  to  have  data  about  the  volume 
of  the  motor  endings,  but  it  is  obvious  that  the  concentration  of  the 
enzyme  at  or  around  the  endings  must  be  considerable.  (The  authors 
give  arguments  which  show  that  the  increased  activity  in  the  portions 
containing  the  endings  cannot  be  due  to  the  presence  of  the  nerve 
fibres.)  The  localization  of  cholinesterase  in  mammalian  muscle  has 
been  studied  by  Couteaux  and  Nachmansohn-'^^-^*^).  The  guinea-pig’s 
gastrocnemius  was  frozen  and  sections  were  used  for  histological 
examination  and  determination  of  esterase  activity.  The  (listribution 
of  the  terminal  branches  of  the  nerve  in  the  muscle  makes  it  possible  to 
obtain  end -plate -free  sections  and  sections  rich  in  end-plates.  The  latter 

sections  have  the  higher  esterase  activity. 

In  the  sympathetic  chain  of  the  cat,  the  QChE  of  the  superior  cervical 
ganglion  was  45  to  60,  that  of  the  afferent  fibres  in  the  sympathetic 
nerve  about  5.  Himilar  differences  occur  in  the  abdominal  chain  of  the 
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lobster,  where  tlie  ganglia  contain  more  than  twice  the  amount  of  activity 
of  the 

The  electric  organ  of  the  ray,  Torpedo  jrmrmorata,  is  generally  con¬ 
sidered  as  a  collection  of  modified  motor  end-plates.  Determination  ot 
the  cholinesterase  activity  of  the  organ  showed  that  the  organ  has  a 
very  high  cholinesterase  activity.  It  was  this  finding  which  led  to  an 
analysis  of  the  nerve  supply  to  the  electric  organ  by  Feldberg,  Fessard, 
and  Nachmansohn^^  in  which  the  cholinergic  nature  of  the  innervation 
was  established:  if  the  organ  is  made  to  discharge  by  electrical  stimula¬ 
tion  of  its  nerve,  acetylcholine  can  be  discovered  in  the  perfusion  fluid, 
and  close-range  arterial  injection  of  acetylcholine  causes  a  discharge  of 
the  organ.  The  esterase  activity  in  the  electric  organs  of  different  species 
varies.  This  is  shown  in  the  following  table^®®. 


Species 

QChE 

Rdjet  •  •  • 

3-10 

Qymnotus 

90-150 

Torpedo 

150-300 

The  electric  organ  which  produces  the  highest  voltages  is  that  of  the 
electric  eel,  Electrophorus  electricus,  a  South  American  species;  values 
of  QChE  up  to  500  have  been  measured  in  the  electric  eel.  The  correla¬ 
tion  between  voltage  and  enzymic  activity  has  also  been  studied;  a 
parallelism  between  the  voltage  developed  and  the  enzymic  activity  has 
been  established^®^. 

The  esterase  content  of  the  mammalian  brain  has  also  been  studied. 
It  was  found  that  the  esterase  is  very  unevenly  distributed.  The  white 
matter  is  poor  in  esterase  activity;  more  of  the  enzyme  is  found  in 
the  grey  matter,  but  the  activities  differ  greatly  in  different  parts.  The 
following  table  gives  data  for  cholinesterase  activities  as  found  in  the 
ox  brain. 


QChE 

Wliite  matter  .... 

0-2-0-3 

Cortex  ...... 

2-3 

Caudate  nucleus  .... 

40-43 

Lenticular  nucleus  (putamen)  . 

68-70 

Cerebellum  ..... 

2-5-4 

Thalamus  ..... 

2-5-5 

Corp.  quadrigem.  ant. 

9-5-13 

««  4  9  a  •  • 

4 

The  reason  for  the  uneven  distribution  of  the  enzyme  in  the  grey 
matter  is  unknown.  That  the  enzyme  is  connected  with  the  function 
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of  the  central  nervous  system  is  made  likely  by  the  study  of  enzymic 
activity  during  development.  The  esterase  activity  of  the  chick’s  brain 
is  already  high  at  the  time  of  hatching.  At  that  time  most  of  the  synapses 
in  the  brain  must  already  be  functioning.  In  mammals  characteristic 
differences  are  found  in  different  species:  in  the  guinea-pig,  an  animal 
which  is  already  well  developed  at  the  time  of  birth,  the  rise  in  esterase 
activity  during  development  occurs  chiefly  before  birth;  in  animals  like 
the  rat,  the  cat,  and  the  rabbit,  w'hich  are  born  in  a  much  less  mature 
stage,  the  final  figures  for  esterase  activity  in  the  brain  are  only  attained 
some  time  after  birth.  In  sheep  embryos  the  esterase  activity  in  the 
spinal  cord  is  high  at  a  time  w'hen  reflex  muscular  movements  occur  (60 
to  80  days)^®^. 

The  high  concentration  of  cholinesterase  in  the  neighbourhood  of 
synapses  raises  the  question  as  to  the  localization  of  the  enzyme  in  the 
nerve.  This  cannot  be  studied  in  the  nerve  fibres  of  vertebrates  which 
are  too  small  to  be  subdivided,  but  in  the  giant  axon  of  the  squid  it  has 
been  possible  to  squeeze  out  the  axoplasm  and  to  study  the  enzymic 
activity  of  the  extruded  axoplasm  and  of  the  remaining  sheath.  It  w'as 
found  that  most  of  the  activity  was  concentrated  in  the  sheath^^.  The 
high  cholinesterase  activity  of  the  synapses  was  therefore  interpreted 
as  due  to  increase  of  surface  in  the  region  of  nerve  endings. 

These  last  observations  have  led  Nachmansohn  to  extend  the  study 
of  the  function  of  cholinesterase  to  the  conduction  of  the  nervous  im¬ 
pulse  along  the  axon.  It  was  found  that  inhibitors  of  cholinesterase 
(e.g.  eserine  and  diisopropylfluoronophosphonate)  abolished  the  axon 
potential  of  the  giant  axon  w  hen  the  inhibitor  concentration  in  the  fibre 
was  sufficient  to  abolish  cholinesterase  activity  almost  completely.  On 
the  other  hand,  anticholinesterases,  like  prostigmine,  with  a  poor  solu¬ 
bility  in  fats,  did  not  penetrate  the  nerve  membrane:  they  did  not  reach 
a  concentration  in  the  fibre  sufficient  to  inhibit  cholinesterase  and  they 
did  not  abolish  the  action  potential.  These  observations  have  led  to  the 
suggestion  that,  as  in  transmission,  cholinesterase  activity  is  also  essen¬ 
tial  in  the  nerve  fibre  for  the  conduction  of  the  impulse  (Nachman- 
sohn^®^). 

The  cholinesterase  content  is  also  diminished  after  degeneration.  This 
was  first  studied  by  von  Briicke^^  for  the  superior  cervical  sympathetic 
ganglion  of  the  cat.  In  quantitative  studies,  Couteaux  and  Nachman- 
sohn^®’^®  found  the  final  value  in  the  ganglion  after  degeneration  still 
4  to  5  times  that  of  normal  fibres.  Recent  observations  by  Sawyer  and 
Hollinshead^®'*  suggest  that  this  residual  enzymic  activity  in  the  ganglion 
is  due  to  the  presence  of  ‘  pseudocholinesterase’;  this  activity  is  lost  more 
slowly  on  degeneration  than  the  ‘true  cholinesterase’  activity. 

In  skeletal  muscle  there  occurs  an  apparent  increase  of  cholinesterase 
on  section  of  the  motor  nerves,  but  this  is  due  to  the  decrease  in  the 
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total  volume  of  the  muscle  during  degeneration.  Using  frozen  sections, 
as  described  above,  it  has  been  shown  that  the  nerve  endings  lose  some 
of  their  activity,  but  that  the  activity  remains  relatively  high. 

A  histochemical  method  for  the  detection  of  cholinesterases  in  frozen 
sections  has  been  described  by  Koelle"^".  This  is  based  on  the  ability 
of  the  enzvme  to  act  upon  esters  of  thiocholine  (e.g.  acetylthiocholine  or 
butyrylthiocholine).  The  thiocholine  set  free  in  the  enzymic  reaction  is 
precipitated  by  cupric  ions  and  can  thus  be  made  visible.  The  specific 
(‘true’)  and  non-specific  (‘pseudo’)  cholinesterases  can  be  distinguished: 
specific  cholinesterase  is  shown  up  by  using  acetylthiocholine  as  substrate 
in  the  presence  of  10-®M  diisopropylfluorophosphonate  (DFP),  which 
selectively  knocks  out  the  non-specific  cholinesterase  at  this  concentra¬ 
tion;  butyrylthiocholine  is  used  as  a  substrate  of  the  non-specific  cholin¬ 
esterase,  and  it  serves  to  demonstrate  the  presence  of  this  enzyme. 
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DESCRIPTION  OF  PLATES 

PLATE  1 

Fig.  1.  Microphotograph  ( x  800)  of  eosinophil  secretory  cells  from  the  gill 
leaflets  of  the  eel.  (After  Keys  and  Willmer^®.) 

Fig.  2.  Villus  of  small  intestine  of  rat,  30  minutes  after  feeding  3  c.c.  olive  oil, 

showing  fatty  acid  in  the  epithelial  cells  as  black  droplets  (Fischler’s  method)’ 
(Jeker^®^.) 

Fig.  3.  Villus  of  small  intestine  of  rat  6  hours  aftoi  feeding  3  c.c.  olive  oil 
stained  as  m  Fig.  2.  The  epithelial  cells  are  filled  with  droplets  which  rernaii^ 
umtamed  but  are  Sudan  positive.  The  lipase  has  resynthesized  neutral  fats  from 
tatty  acids^  Only  a  few  fatty-acid  droplets  (black)  remain  in  the  cells.  (JekeP«»  ) 
^IG.  4.  High-power  drawing  of  an  epithelial  cell  at  the  stage  of  Fig.  2. 
i^iG.  5.  High-power  drawing  of  an  epithelial  cell  at  the  stage  of  Fig.  3. 


Fig.  1.  Cr^t  of  Lieberkvihn  ( x  900)  showing  three  Paneth  cells  with  their 
tiria  (Mit.)  and  Golgi  apparatus  (black  threads)  in  all  cells.  (Van  WeeP»’.) 
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Fig.  2.  Villus  of  small  intestine  of  rat,  7  hours  after  a  dose  of  monoiodoacetic 
acid  which  was  followed  1  horn*  later  by  3  c.c.  olive  oil,  stained  by  Fischler’s 
method.  The  black  droplets  of  fatty  acid  are  still  found  in  the  epithelium  ;  some 
have  diffused  into  the  stroma.  Synthesis  of  neutral  fats  has  been  blocked.  Com¬ 
pare  with  Plate  1,  Fig.  3.  (Jeker^“h) 

Fig.  3.  Longitudinal  section  of  a  tibia  of  an  18-day  rabbit  embryo.  Calcifica¬ 
tion  black  by  treatment  with  AgNOj,  nuclei  counterstained  with  Carmalum. 
X  55.  The  diaphysis  is  composed  of  hypertrophic  cartilage,  partly  calcified 
(C.H.C.),  and  a  small  layer  of  periosteal  bone  (C.O.)  on  one  side.  At  the  other  side 
the  periosteum  has  not  yet  formed  bone  (U.O.).  Z.F.C.  Zone  of  flattened  carti- 
late  cells.  X  55.  (Niven  and  Robison^®’.) 

Fig.  4.  The  other  tibia  of  the  same  embryo,  immersed  for  22  hours  at  37°  C. 
(pH  7*4)  in  a  solution  containing  8  mg.  Ca,  4  mg.  inorganic  P,  and  3  mg.  organic  P 
(as  glycerophosphoric  ester)  in  100  c.c.  Note  heavy  disposition  of  calcium  salt  in 
the  matrix  of  the  hypertrophic  cartilage  and  in  the  periosteal  layer  by  the  action 
of  the  phosphatase.  Stained  as  in  Fig.  3.  X  55.  (Niven  and  Robison^®^.) 

Fig.  5.  Epiphysial -diaphysial  jimction  of  the  radius  of  a  ricketic  rat,  after 
16  hours’  immersion  in  0-1  M  sodium  phosphate  at  37°  C.  Note  the  broad  band 
of  hypertrophic  cartilage  (h.c.)  that  has  remained  imcalcified,  and  also  the  incom¬ 
plete  ossification  of  the  osteoid  trabeculae ;  e.c.,  small  cell  cartilage.  (Robison^®®.) 

Fig.  6.  The  same  region  of  the  other  radius  of  the  same  rat,  after  16  hours’ 
immersion  in  0-1  M.  calcium  hexose-monophosphate,  as  the  only  somce  of 
phosphate.  By  the  action  of  the  phosphatase  the  hypertrophic  cartilage  and  the 
osteoid  trabeculae  are  heavily  calcified.  The  small  cell  cartilage  (e.c.)  remains 
imcalcified.  (c.h.c.  calcified  hypertrophic  cartilage.)  (Robison^®®.) 
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tic;.  1.  Eosinophil  colls  from  the  gill  leaflets  of  the  eel.  Figs.  2-5. 

intestinal  cells.  For  description  see  p.  371 
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CHAPTER  IX 

PATHOLOGICAL  ASPECTS  OF  CYTOLOGY 

By  R.  J.  LUDFORD 
i.  Introduction 

The  structure  of  cells  varies  with  their  state  of  functional  activity. 

The  range  of  variation  in  cellular  structure  is  well  illustrated  by  gland 
cells  in  various  phases  of  activity.  Precise  morphological  differences 
characterize  ‘resting’  and  dividing  gland  cells,  and  those  engaged  in  the 
elaboration  of  their  specific  secretions.  Such  changes  are  the  expressions 
of  the  normal  range  of  physiological  functioning.  Other  modifications 
of  cell  structure  accompany  aberrations  of  functioning,  are  the  result  of 
alterations  in  the  humoral  environment,  or  are  consequent  upon  infec¬ 
tions.  These  latter  constitute  the  pathological  modifications  of  cellular 
structure. 


ii.  Regressive  Changes 

Cellular  degeneration  is  the  most  frequent  result  of  pathological  con¬ 
ditions.  The  morphological  changes  which  occur  in  degenerating  cells 
are  most  conveniently  studied  in  living  tissue  cultures,  especially  in 
those  prepared  with  fluid  culture  media.  Under  such  conditions  well- 
spread  cells  can  be  obtained  on  the  surface  of  cover-glasses.  They  are 
best  examined  by  washing  off  the  culture  medium  and  mounting  in  a 
saline  solution.  Such  preparations  are  ideal  for  examination  by  dark- 
ground  illumination,  which  permits  of  the  most  detailed  observation  of 
changes  in  protoplasmic  structure. 

When  a  cell  from  an  actively  growing  culture  of  mammalian  fibro¬ 
blasts  is  examined  in  this  w^ay  (Plate  5,  Fig.  1)  the  only  nuclear  struc¬ 
tures  clearly  distinguishable  are  one  or  more  nucleoli  and  the  nuclear 
membrane;  but  in  the  cytoplasm  the  mitochondria  are  conspicuous 
objects.  There  are  also  usually  to  be  seen  a  few  minute  cytoplasmic 
granules  which  stain  readily  with  neutral  red,  and  a  few  small,  highly 
refractile  fat  droplets.  What  is  generally  described  as  the  ‘ground  cyto¬ 
plasm’  is  optically  empty.  Centrioles  are  not  distinguishable,  nor  is  the 
Golgi  apparatus.  This  does  not  necessarily  imply  that  the  Golgi  appa¬ 
ratus  as  demonstrated  by  the  osmic  or  silver-impregnation  techniques 
is  an  artefact.  It  is  probable  that  its  refractive  index  does  not  differ 
sufficiently  from  that  of  the  surrounding  cytoplasm  to  render  it  visible. 

When  cultures  are  prepared  and  simply  incubated,  without  receiving 
any  further  treatment,  conditions  soon  become  unfavourable  for  growth, 
owning  to  the  accumulation  of  toxic  metabolic  products  and  depletion 
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of  essential  nutritive  requirements.  There  is  thus  initiated  a  progressive 
series  of  cellular  changes,  often  continuing  slowly  for  several  weeks 
before  terminating  in  the  death  of  the  cells.  It  will  be  convenient  to 
discuss  separately  the  changes  occurring  in  {a)  the  mitochondria,  (6)  the 
ground  cytoplasm,  (c)  the  sphere,  {d)  the  Golgi  apparatus,  and  (e)  the 
nucleus. 

a.  The  Mitochondria 

The  mitochondria  are  particularly  sensitive  to  pathological  condi¬ 
tions.  In  actively  growing  cells  they  tend  to  be  mostly  filamentous  and 
spread  throughout  the  greater  part  of  the  cytoplasm.  With  the  advent 
of  adverse  conditions  they  begin  to  collect  around  the  nucleus,  usually 
becoming  heaped  up  around  the  central  body.  Filaments  break  up  into 
granules,  and  some  swell  and  become  vesicular,  as  seen  in  Plate  1 ,  Fig.  1 . 
In  advanced  stages  of  degeneration  the  mitochondria  are  reduced  to 
fine  granules,  scattered  amongst  other  cytoplasmic  particles,  with 
usually  a  few  short  rod-like  forms  at  the  extreme  periphery  of  the  cell. 
They  still  retain  their  specificity  for  the  vital  dyestuffs,  Janus  green  and 
Janus  black,  which  renders  their  identification  possible.  Finally,  they 
appear  to  disintegrate  completely. 

Under  certain  pathological  conditions  in  vivo  mitochondria  have  been 
reported  to  undergo  fatty  changes.  In  a  fat-cell  tumour  (liposarcoma) 
of  the  guinea-pig  Murray described  the  mitochondria  swelling  up  and 
becoming  converted  into  fat  droplets.  In  degenerating  tumour  cells  the 
fragmented  mitochondria  also  appear  to  give  rise  to  fat  droplets  (Lud- 
ford^^"^).  Scott^^'*  found  that  the  filamentous  mitochondria  of  acinar 
cells  of  the  pancreas  became  granular  in  phosphorus  poisoning.  The 
granules  fused  together  and  gave  rise  to  fat  droplets.  According  to 
Kater^®^  fat  droplets  arise  within  the  mitochondria  of  liver  cells.  As 
such  fat  droplets  enlarge  they  are  surrounded  by  an  incomplete  peri¬ 
pheral  film  of  mitochondrial  substance.  Duthie®^,  however,  disagrees 
with  this.  He  describes  the  mitochondria  of  degenerating  liver  cells  as 
becoming  enspherulated  and  enlarged,  then  vacuolated,  and  finally  dis¬ 
appearing  without  forming  fat.  A  similar  process  was  described  by 
Ostrouch^®®  as  being  brought  about  by  the  action  of  ethyl  alcohol  on 
epithelial  cells  of  the  stomach.  The  mitochondria  became  granular,  lost 
their  polarized  distribution  above  and  below  the  nucleus,  enlarged,  and 
then  disappeared  as  the  cytoplasm  became  vacuolated.  According  to 
Grynfeltt  and  Lafont®^  the  mitochondria  of  liver  cells  became  granular 
with  sulphonal  poisoning  and  were  displaced  towards  the  periphery  of 
the  cells. 

Although  mitochondria  of  most  cells  are  particularly  sensitive  to 
pathological  conditions,  those  of  nerve  cells  seem  to  be  exceptional. 
Cowdry^®  cites  as  examples  of  their  stability  under  pathological  condi* 
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tion  the  retention  of  their  normal  appearance  in  nerve  cells  injured 
by  the  viruses  of  poliomyelitis  (McCanni’i)  and  herpetic  encephalitis 
(Cowdry  and  Nicholson^i). 

Phase-contrast  microscopy  has  opened  up  new  possibilities  for  the 
study  of  mitochondria  in  living  cells.  Zollinger^^’,  who  studied  living 
cells  of  kidney  tubules,  observed  mitochondria  become  granular  and 
swollen.  Isolated  mitochondria  from  crushed  cells  in  saline  solutions 
appeared  vesicular,  as  though  a  peripheral  membrane  had  become  dis¬ 
tended  by  intake  of  fluid.  He  suggested  that  ‘cloudy  swelling’  resulted 
in  this  way.  Ludford,  Smiles,  and  Welchi^^  found  that  mitochondria 
of  malignant  cells  react  rapidly  to  ultraviolet  radiations  of  wave-lengths 
of  2,570  A  and  2,750  A.  They  first  become  distorted,  then  disintegrate, 
leaving  vacuoles  in  the  cytoplasm.  Zollinger  pointed  out  that  although 
mitochondria  react  readily  when  cells  are  exposed  to  adverse  environ¬ 
mental  conditions  they  are  not  fragile,  since  they  persist  for  some  time 
after  cells  have  been  squashed  in  saline  solutions. 

b.  The  Ground  Cytoplasm 

Although  the  ground  cytoplasm  of  healthy  fibroblasts  growing  in 
tissue  cultures  is  optically  structureless,  it  often  contains  a  few  granules 
which  stain  with  neutral  red  and  other  basic  dyes  such  as  methylene 
blue  and  cresyl  blue.  Lewis^^^  calls  all  such  neutral-red-staining  particles 
‘degeneration  granules’.  Carrel  and  Ebeling^^,  however,  consider  a 
juxta-nuclear  group  of  neutral  red  granules  to  constitute  a  ‘segregation 
apparatus’,  which  enlarges  by  increase  in  number  and  size  of  the  consti¬ 
tuent  granules  with  increased  rate  of  cell  growth.  Rumjantzew^i^  also 
supported  this  conception  of  a  segregation  apparatus.  Both  Lewis^^® 
and  Ludford^^^,  however,  found  few  or  no  neutral-red  granules  in  young, 
actively  growing  fibroblasts,  but  observed  their  accumulation  as  cul¬ 
tures  deteriorated.  They  accumulate  around  the  sphere,  spreading  out 
towards  the  periphery  of  the  cell.  Lewis^^®  observed  the  formation  of 
vacuoles  about  these  granules;  but  they  may  fill  almost  the  whole  of 
the  cytoplasm  without  any  large  vacuoles  being  formed,  as  can  be  seen 
in  the  binucleate  cell  of  Plate  1,  Fig.  4.  It  is  in  such  cells  as  this  that 
one  often  sees  a  clear  reticulate  area  of  cytoplasm  which  bears  a  striking 
resemblance  to  the  Golgi  apparatus  of  fixed  tissues. 

In  addition  to  the  formation  of  degeneration  granules,  there  may  also 
be  considerable  vacuolation  of  the  cytoplasm  (Plate  1,  Fig.  3)  and 
formation  of  fat  droplets.  All  three  processes  may  occur  concurrently 
in  the  same  cell,  but  neighbouring  cells  in  the  same  culture  may  exhibit 
very  different  degenerative  changes.  Lewis  suggested  that  the  degenera¬ 
tion  granules  and  associated  vacuoles  are  the  accumulations  of  the  waste 
products  of  autolysis.  He  found  that  the  same  sort  of  cytoplasmic 
granules  and  vacuoles  occur  when  cells  degenerate  in  the  bodies  of  dead 
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animals  as  when  they  are  incubated  in  sahne  in  vitro.  There  is,  how¬ 
ever,  considerable  difference  in  the  rate  at  which  different  cells  degene¬ 
rate  and  die.  Thus,  macrophages  survive  for  about  10  days  and  brain 
cells  for  less  than  an  hour  (Lewis  and  McCoy^^'*).  Experiments  on  cyto¬ 
plasmic  viscosity  led  von  Mollendorff^’^  to  the  conclusion  that  vacuole 
formation  is  a  cellular  defence  mechanism  against  substances  injurious 
to  cells.  Compounds  such  as  potassium  chloride  and  potassium  acetate, 
which  lower  cytoplasmic  viscosity  and  increase  the  rate  of  movement 
of  cytoplasmic  granules,  subsequently  bring  about  vacuole  formation 
at  the  expense  of  the  granules,  thereby  restoring  the  normal  viscosity. 
The  acid  vital  dyestuffs,  colloidal  particles,  and  fat  are  alike  segregated 
in  vacuoles  and  so  prevented  from  interfering  with  cellular  metabolism. 
The  basic  vital  dyestuff  neutral  red,  when  applied  to  living  cells,  first 
colours  the  cytoplasm  diffusely,  but  is  soon  flocculated  on  the  surface 
of  granules  and  vacuoles.  During  the  phase  of  diffuse  staining  mitosis 
is  inhibited,  but  can  proceed  after  the  dyestuff  has  been  segregated,  if 
the  excess  dyestuff  is  washed  away.  Mitosis  can  proceed  quite  normally 
in  cells  containing  numerous  fat  droplets.  NageL®^  has  drawn  attention 
to  the  fact  that  cells  containing  many  vacuoles  which  stain  vitally  with 
basic  dyestuffs  have  few  fat  droplets,  and  vice  versa.  Fat  droplets  also 
tend  to  collect  around  the  sphere  like  the  ‘degeneration  granules’  and 
vacuoles  (Plate  1,  Fig.  2).  The  origin  of  the  fat  appearing  in  cells  in 
vitro  has  been  the  subject  of  much  discussion,  in  connexion  with  the 
problem  as  to  the  source  of  fat  in  cases  of  fatty  degeneration  of  tissues. 
With  cells  growing  in  vitro  the  extent  to  which  they  become  laden  with 
fat  droplets  depends  to  a  large  extent  upon  the  medium  (Lambert^®®). 
The  addition  of  yolk  to  the  culture  medium  results  in  the  appearance 
of  fat  in  the  cells  (Lewis^^^).  Rat  and  mouse  cells  develop  more  fat 
droplets  in  mouse  serum  than  in  the  less  fatty  rat  serum  (Ludford^®®). 
The  extensive  accumulation  of  fat  in  degenerating  cells  described  by 
Horning  and  Richardson®’  is  a  characteristic  feature  of  chick  tissues 
grown  in  fowl  plasma,  and  contrasts  strikingly  with  the  degenerative 
process  occurring  in  rat  cells  grown  in  rat  serum,  in  which  there  is  little 
or  no  fat  formation.  It  is  clear,  therefore,  that  fat  may  be  of  extra¬ 
cellular  origin  and  be  segregated  in  droplets  in  the  same  way  as  are 
other  foreign  substances.  Dible  and  his  collaborators  have  adduced 
evidence  in  a  series  of  researches  that  the  accumulation  of  fat  droplets 
in  cells  of  the  liver,  heart,  and  kidney  under  various  pathological  condi¬ 
tions  is  always  associated  with  an  increase  in  the  fat  content  of  these 
organs,  and  that  this  excess  results  from  infiltration  of  the  cells.  I  urther- 
more,  this  fatty  infiltration  is  dependent  upon  adequate  fat  in  the  ani¬ 
mal’s  storage  deposits  (see  Dible  and  Gerrard®®;  Dible  and  Hay®®).  Other 
investigators  have  contended  that  fat  droplets  originate  from  the  dis¬ 
organization  of  the  cytoplasmic  colloids  (phanerosis).  Ihere  has  been 
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much  discussion  as  to  whether  proteins  and  lipides  exist  in  the  cyto¬ 
plasm  in  a  state  of  physical  or  chemical  combination.  From  his  critical 
survey  of  the  literature  KieseF®®  concluded  that  the  two  types  of  sub¬ 
stances  form  adsorption  complexes  rather  than  chemical  compounds. 
Pollack’s^®®  experiments,  in  which  he  precipitated  protein  from  aqueous 
solutions  of  dead  amoebae  with  picric  acid,  but  on  injecting  the  same 
solution  into  the  living  organisms  obtained  no  precipitate,  raises  doubts 
as  to  whether  proteins,  as  such,  exist  in  living  cells.  According  to  Nad- 
son^’®,  Nadson  and  MeisP’®,  and  Nadson  and  Rochlin^®®,  in  plant  cells 
separation  of  lipides  and  proteins  is  brought  about  by  irradiation  and 
chloroform  poisoning,  and  results  in  the  formation  of  fat  droplets, 
proteins  being  irreversibly  coagulated  at  the  same  time. 

Cells  in  tissue  cultures  exhibiting  early  degenerative  changes  are  able 
to  recover  if  they  are  transplanted  to  fresh  culture  media.  Contact  of 
fibroblasts  with  cultures  of  monocytes  and  macrophages  also  has  a 
rejuvenating  effect,  leading  to  the  disappearance  of  fat  droplets  and 
cytoplasmic  granules,  and  the  stimulation  of  growth  (Carrel  and  Ebel- 
ing^i;  Ludford^®’).  The  final  changes  of  cell  degeneration  in  vitro  involve 
what  remains  of  the  ground  cytoplasm,  which  becomes  filled  with  very 
fine  granules,  best  seen  by  dark-ground  illumination.  If  the  cells  have 
been  vitally  stained  the  colour  diffuses  from  the  mitochondria  and  from 
the  ‘degeneration  granules’  and  vacuoles.  The  nuclear  membrane  be¬ 
comes  more  clearly  defined,  the  nucleolus  is  coloured,  and  the  fine 
granulation  spreads  throughout  the  nucleus.  Any  vital  dye  present 
stains  the  whole  cell  diffusely.  The  cell  colloids  are  now  irreversibly 
coagulated. 

c.  The  Sphere  or  Central  Body 

In  healthy,  actively  growing  cells  in  vitro  the  central  body  is  not  a 
clearly  defined  structure,  although  the  mitochondria  tend  to  collect  at 
one  side  of  the  nucleus,  where  in  fixed  and  stained  preparations  the 
centrioles  are  distinguishable.  Mitochondria  move  backwards  and  for¬ 
wards  from  this  juxta-nuclear  area  to  the  cell  periphery.  When  ‘de¬ 
generation  granules  make  their  appearance  they  accumulate  in  this 
area.  Later,  in  the  midst  of  the  group  of  granules  a  clear  area  appears, 
and  it  is  in  the  centre  of  this  that  the  centrioles  are  demonstrable  after 
fixation  and  staining.  Filamentous  mitochondria  usually  become  ra¬ 
dially  arranged  around  it.  In  some  cells  this  central  area  undergoes  a 
remarkable  hypertrophy,  resulting  in  a  so-called  giant  centrosphere, 
which  may  be  larger  than  the  nucleus.  According  to  Lewis”®,  in  its 
complete  form  it  consists  of  a  centriole  contained  within  a  medullary 
zone  which  stains  deeper  than  an  external  cortical  zone,  and  from  which 
It  IS  separated  by  a  thin  membrane.  Lewis”’  has  observed  giant  centro- 
spheres  only  m  cultures  of  mesenchyme,  mesothelium,  and  endothelium. 
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The  origin  of  the  substance  forming  these  large  bodies  remains  obscure. 
Lewis^^^  suggests  that  the  clear  area  around  the  centriole  results  from 
the  accumulation  of  some  of  the  cytoplasm  flowing  centripetally  to¬ 
wards  it.  This  streaming  would  account  for  the  radial  arrangement 
of  the  mitochondria.  The  material  thus  accumulated  probably  acquires 
a  more  solid  consistency,  thus  preventing  mitochondria  and  ‘degenera¬ 
tion  granules’  from  penetrating  into  it,  and  pushing  them  outwards  as 
it  enlarges.  These  giant  central  bodies  are  of  interest  owing  to  their 
similarity  to  certain  inclusions  that  occur  in  some  malignant  cells,  and 
which  at  the  time  of  their  discovery  were  mistaken  for  the  causative 
organisms  of  malignant  disease.  Of  these  inclusion  bodies  it  now  seems 
quite  clear  that  some  were  enlarged  central  bodies,  and  others  products 
of  abortive  secretory  activity  (Ludford^^^). 

d.  The  Golgi  Apparatus 

Reference  has  already  been  made  to  the  fact  that  a  reticulate  area 
resembling  the  Golgi  apparatus  is  visible  in  some  degenerating  cells 
(Plate  1,  Fig.  4).  A  similar  colourless  network  can  also  be  demonstrated 
under  certain  conditions  in  cells,  the  cytoplasm  of  which  has  been  dif¬ 
fusely  stained  with  methylene  blue  (Ludford^^^)  ^  reticulate  structure 
has  also  been  observed  in  some  living  cells  when  examined  by  the  phase- 
contrast  microscope  (Ludford,  Smiles,  and  Welch^®^)  fixed  tissue 
cultures  suitably  impregnated  by  either  the  osmic  or  silver  techniques, 
the  Golgi  apparatus  has  been  demonstrated  in  a  variety  of  normal  and 
malignant  cells  (Ludford^^®;  Zweibaum  and  Elkner^^O;  Vazquez  Lopez^^®; 
Saguchi2i3;  Richardson2®3;  Macdougald  and  Gatenby^®®;  and  Macdou- 
gald^®'*’^®®).  Apart  from  Zweibaum  and  Elkner,  who  accepted  the  Parat 
conception  of  a  zone  of  Golgi  consisting  of  ‘chondriome  actif’  and 
‘vacuome’,  the  other  investigators  are  in  agreement  that  the  Golgi 
apparatus  is  a  cytoplasmic  structure  independent  of  neutral-red-stain¬ 
ing  vacuoles.  There  is  also  general  agreement  that  the  Golgi  apparatus 
breaks  up  into  granules  in  degenerating  cells.  Ludford’s  observations 
led  to  the  conclusion  that  the  fragmented  particles  of  the  Golgi  appara¬ 
tus  gave  rise  to  fat  droplets.  Richardson  confirmed  this  observation, 
as  did  also  Macdougald,  and  Macdougald  and  Gatenby.  In  a  later 
paper,  however,  Macdougald^®®  denied  that  the  brown  droplets  resulting 
from  the  fragmentation  of  the  Golgi  apparatus  in  osmic  preparations 
were  fat,  since  they  did  not  stain  with  Sudan  III. 

Fragmentation  of  the  Golgi  apparatus  has  been  described  under  a 
variety  of  pathological  conditions:  during  autolysis  of  normal  and  malig¬ 
nant  cells  (CajaP®;  Ludfordi^) ;  kidney  tubules  in  experimental 
nephritis  (Pappenheimer^®®) ;  in  nerve  cells  following  section  of  axons 
(Penfield^®®) ;  in  cells  subjected  to  the  action  of  poisons,  and  following 
irradiation.  A  considerable  enlargement  of  the  apparatus,  with  thicken- 
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ing  of  its  strands,  unaccompanied  by  secretory  activity,  occurs  in  acinar 
cells  of  the  pancreas  after  repeated  injections  of  neutral  red  (Ludford^'*^). 
Such  cells  present  the  appearance  of  having  had  their  secretory  mechan¬ 
ism  blocked  by  the  accumulation  of  the  dyestuff. 

The  sensitivity  of  the  Golgi  apparatus  to  injury  probably  varies  in 
different  types  of  cells,  as  is  the  case  with  mitochondria.  It  is  of  in¬ 
terest  to  note  that  in  studying  the  effect  of  phosphorus  poisoning  and 
irradiation  on  the  spermatogenesis  of  Abraxas,  Gatenby^^-’®  found  that 
the  Golgi  apparatus  was  the  most  sensitive  of  the  cell  organs. 

e.  The  Nucleus 

The  degenerative  changes  occurring  in  the  nuclei  of  cells  growing  in 
vitro  have  not  received  the  same  attention  as  the  cytoplasmic  ones.  As 
already  described,  the  cytoplasm  can  be  studied  by  the  aid  of  vdtal  stain¬ 
ing,  and  finer  changes  in  its  structure  revealed  by  dark-ground  illumina¬ 
tion.  Neither  of  these  techniques  is  suitable  for  the  study  of  the  nucleus. 
Vital  dyes  do  not  penetrate  the  nucleus  until  the  cell  has  reached  an 
advanced  stage  of  degeneration  or  is  subjected  to  special  physiological 
conditions  (Ludford^^’),  and  dark-ground  illumination  only  reveals 
clearly  the  nucleolus  and  nothing  of  the  chromatin. 

Nucleolar  extrusions  into  the  cytoplasm  have  been  described  in  cul¬ 
tures  of  endothelium  (Lewis^^®)  and  fibroblasts  (Ludford^^^j 
same  process  has  been  reported  in  many  different  types  of  cells,  under 
varying  physiological  conditions  in  vivo,  it  is  doubtful  whether  its 
occurrence  in  tissue  cultures  is  indicative  of  pathological  change.  The 
formation  of  nuclear  buds  which  become  nipped  off  and  enclosed  within 
cytoplasmic  vacuoles  is  an  early  indication  of  abnormality.  They  re¬ 
main  for  a  time  in  the  cytoplasm,  resembling  somewhat  the  secondary 
nuclei  of  Hymenopteran  oocytes,  but  ultimately  they  disintegrate. 
This  nuclear  budding  may  represent  the  initial  phase  of  nuclear  frag¬ 
mentation,  which  results  in  large  nuclei  becoming  broken  up  into  a 
number  of  smaller  ones  (Macklin^®’).  This  is  commonly  seen  in  malig¬ 
nant  cells  in  vivo  (Howard  and  Schultz®®),  and  would  seem  to  be  directed 
towards  increasing  the  area  of  the  nuclear-cytoplasmic  interface,  which 
otherwise  becomes  progressively  reduced,  in  proportion  to  the  volume, 
as  cells  enlarge. 

The  disintegration  of  the  nuclear  structure  may  occur  with  or  with¬ 
out  the  formation  of  acidophil  deposits.  In  the  latter  case  the  chroma¬ 
tin  particles  coalesce  and  form  irregular-shaped  masses  applied  to  the 
nuclear  membrane  (karyorrhexis),  or  it  appears  to  liquefy  (karyolysis). 
According  to  Roskin207,  in  degenerating  tumour  cells  either  chromatin 
accumulates  so  as  to  form  hyperchromatinic  nuclei,  or  else  it  is  extruded 
into  the  cytoplasm  and  the  nuclei  become  hypochromatinic. 

Cell  enlargement,  with  a  relative  increase  in  size  of  the  nucleus, 
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frequently  precedes  nuclear  disintegration.  It  occurs  after  irradiation  in 
tumour  cells  (Mottram^’^)  and  is  followed  by  the  disintegration  of  chro¬ 
matin  (thymonucleic  acid  protein  complexes)  with  the  formation  of  an 
achromatinic  substance,  which  forms  nucleolar-like  bodies  (Ludford^^'*). 
MitchelP^^’^’^  has  demonstrated  that  irradiation  inhibits  the  synthesis 
of  thymonucleic  acid  in  the  nucleus,  and  results  in  the  accumulation 
of  ribonucleic  acid,  mainly  in  the  cytoplasm,  and  to  a  lesser  extent 
in  the  nucleus.  In  the  liver  and  kidney  of  vitally  stained  animals, 
and  after  poisoning  with  yperite  and  Lewisite,  Wermel  and  Ignatjewa^^a 
have  described  considerable  enlargement  of  some  cells.  Their  nuclei 
contained  relatively  large  masses  of  nucleolar  material.  The  forma¬ 
tion  of  achromatinic  substances  within  nuclei  has  received  much 
attention  in  connexion  with  the  intranuclear  bodies,  w  hich  are  charac¬ 
teristic  of  some  virus  diseases,  and  will  be  further  discussed  in  a  later 
section. 

Recent  advances  in  microscopy  have  provided  new  techniques  for 
investigating  the  structure  of  the  nucleus  of  living  cells.  The  phase- 
contrast  microscope  reveals  the  internal  structure  of  the  living  nucleus 
with  such  clarity  as  to  make  it  possible  to  study  its  modification  under 
varying  physiological  and  pathological  conditions  without  having  to 
resort  to  fixation  and  staining  techniques.  Another  new  field  of  investi¬ 
gation  has  been  opened  up  by  the  demonstration  by  Ludford,  Smiles, 
and  Welch^®^  that  the  living  nucleus  can  be  studied  by  ultraviolet 
micrography  employing  wave-lengths  of  2,570  A  and  2,750  A  without 
appreciable  damage  to  the  visible  structures.  By  this  means  the  resolu¬ 
tion  obtainable  with  the  light  microscope  is  doubled.  Further,  since 
nucleic  acids  exhibit  their  maximum  selective  absorption  in  the  2,600  A 
region  it  becomes  possible  to  study  the  distribution  of  nucleotides  w'ith- 
in  the  living  nucleus  under  varying  conditions  of  functional  activity. 

iii.  Cellular  Hyperactivity 

The  cellular  processes  with  which  we  have  so  far  been  concerned 
have  been  regressive  in  character.  Tissue  lesions,  how^ever,  are  in¬ 
variably  followed  by  intensified  cellular  activity  directed  towards  the 
repair  of  injury  or  to  functional  compensation.  Thus,  destruction  of 
muscle  fibres  by  infiltrative  tumour  growth  is  often  followed  by  growth 
of  sarcoplasm  at  certain  parts  of  the  fibres,  and  a  local  increase  in  the 
number  of  nuclei.  There  is  also  an  increase  in  the  number  of  mito¬ 
chondria  and  Golgi  bodies  (Ludfordi^s).  with  compensatory  hyper¬ 
trophy  of  the  kidney,  Hirsch^^  and  others  have  described  increased 
numbers  of  mitochondria.  Nicholson^®-^  observed  the  same  in  compen¬ 
satory  hypertrophy  of  the  thyroid  gland.  In  malignant  glandular  cells 
which  retain  their  capacity  to  elaborate  secretion,  the  mitochondria  are 
numerous  or  elongated  and  the  Golgi  apparatus  enlarged  as  in  glan 
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cells  engaged  in  the  elaboration  of  their  specific  secretions.  When 
tumours  of  this  type  are  irradiated,  there  follows  a  period  during  whic 
mitosis  is  inhibited,  but  the  cells  increase  in  size,  and  present  the  cyto- 
logical  characteristics  of  intensified  secretory  activity.  The  abortive 
acrosome  formation  induced  by  irradiation  in  spermatocytes  of  Cavia 
and  Abraxas  probably  also  results  from  a  similar  persistence  of  func¬ 
tional  activity  of  the  cytoplasmic  organs  during  the  period  when  the 
spermatocyte  divisions  are  inhibited  (Gatenby  and  Wigoder’’;  Gatenby , 
Mukerji,  and  Wigoder’®). 

One  of  the  best  examples  of  hyperactivity  of  cellular  function  is 
afforded  by  the  thyroid  gland  in  exophthalmic  goitre  (Graves’s  disease). 
Goetsch®^  observed  an  increase  in  the  number  and  length  of  the  mito¬ 
chondria  in  toxic  adenomata  of  the  thyroid  associated  with  clinical 
symptoms  of  hyperthyroidism ;  and  Bolt^®  confirmed  these  observations. 
Cramer  and  Ludford®^  investigated  the  cytological  changes  in  the 
thyroid  gland  under  various  physiological  conditions,  and  found  that 
the  phase  of  intense  secretory  activity  was  characterized  by  long  fila¬ 
mentous  mitochondria  and  an  enlarged  Golgi  apparatus.  In  a  further 
investigation  they  studied  the  cytology  of  the  thyroid  in  a  case  of 
exophthalmic  goitre  in  the  mouse,  and  three  human  cases  of  the  disease 
(Ludford  and  Cramer^^®).  The  most  distinctive  cytological  feature  was 
the  extreme  degree  of  enlargement  of  the  Golgi  apparatus.  Text-fig.  2 
shows  a  cell  with  the  type  of  Golgi  apparatus  characteristic  of  the 
resting  phase,  while  Text-fig.  1  represents  three  cells  exhibiting  the 
extreme  degree  of  enlargement  of  the  apparatus,  from  the  mouse  case. 
Mitochondria  were  numerous  in  the  enlarged  cells  and  were  filamentous. 
In  many  of  the  cells  they  were  rounded  and  swollen  to  form  plastid-like 
bodies.  Text-figs.  5  and  6  show  the  variation  in  size  of  the  Golgi  ap¬ 
paratus  in  the  human  cases,  and  Text-figs.  3  and  4  the  difference  in  the 
mitochondria  in  a  relatively  inactive  cell  and  in  an  actively  secreting  cell. 
It  is  of  interest  to  observe  that  the  human  cases  had  been  treated  with 
iodine  preliminarily  to  operative  removal  of  the  glands.  In  both  the 
human  and  mouse  glands  reversal  in  polarity  of  the  Golgi  apparatus 
was  observed  (Text-figs.  1  and  6),  so  that  it  was  suggested  that  this 
indicated  the  direct  discharge  of  the  specific  hormone  into  the  blood¬ 
stream. 

Okkels^®*  examined  a  large  number  of  resected  human  thyroid  glands. 
Forty -four  of  them  were  from  patients  with  pronounced  Graves’s  disease. 
These  all  exhibited  enlargement  of  the  Golgi  apparatus.  Another  14 
cases  were  diagnosed  histologically  as  colloid  goitre  with  islands  of 
epithelial  hyperplasia.  Ten  of  these  w^ere  clinically  thyrotoxic  cases  and 
showed  enlargement  of  the  Golgi  apparatus;  but  of  39  simple  colloid 
goitres,  only  8  possessed  a  few  scattered  cell-clusters  exhibiting  enlarge¬ 
ment  of  the  Golgi  apparatus.  Twenty-five  of  Okkels’s  cases  of  Graves’s 


Text-figs.  1-6.  Cellular  hyperactivity  in  thyroid  gland  cells  in  exophthalmic  goitre. 

Fio  1 .  Three  enlarged  cells  show  ing  hypertrophy  of  the  Golgi  apparatus,  with  reversal  of  polarity 
in  the  middle  cell.  Fig.  2.  Relatively  normal  cell  with  type  of  Golgi  apparatus  eharaoteristic  o 
the  ‘resting’ phase.  Fig.  3.  Mitochondria  in  an  inactive  cell.  Fig.  4.  ^I'to^hofidriainanact  X 
secreting  cell.  Fig.  5.  Golgi  apparatus  of  cell  in  early  stage  of  secretory  activity.  !■  ig.  6.  AcU\  y 
secreting  cell  with  hypertrophied  Golgi  apparatus  exhibiting  reversed  polarity. 

K,  erythrocyte  in  capillary ;  G.\.  Golgi  apparatus ;  M.  mitochondria.  cases. 

Figs.  1  and  2,  from  a  case  of  exophthalmic  goitre  in  a  mouse.  Figs.  3  6,  from  huma 
After  Ludford  and  Cramer***. 
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disease  had  received  iodine  treatment,  but  although  in  many  there 
resulted  such  an  accumulation  of  colloid  in  the  alveoli  that  the  glands 
resembled  simple  colloid  goitre,  yet  the  Golgi  apparatus  of  the  gland¬ 
ular  epithelium  remained  enlarged,  indicating  persistence  of  hyper¬ 
secretion.  Reversal  of  polarity  of  the  Golgi  apparatus  was  frequently 
observed.  In  one  or  two  very  grave  cases  of  exophthalmic  goitre, 
Okkels^®®  reported  that  ‘some  alveoli  were  found  in  which  the  number 
of  cells  with  reversed  Golgi  apparatus  amounted  to  126  out  of  a  total 
of  146’.  He  does  not  consider  that  the  position  of  the  apparatus  in  the 
cell  bears  any  relation  to  the  direction  of  secretory  discharge.  His  views, 
however,  closely  approximate  to  those  expressed  by  Ludford  and  Cramer 
when  he  says  that  ‘there  is  no  cytological  or  histological  reason  to 
assume  that  in  exophthalmic  goitre  the  thyrotoxicosis  is  due  to  any¬ 
thing  else  than  an  excessive  hypersecretion  into  the  blood-stream,  pre¬ 
venting  the  accumulation  of  colloid’.  Gillman’®  constructed  models  of 
thyroid  cells  in  various  phases  of  functional  activity,  and  since  his 
models  demonstrated  that  the  Golgi  apparatus  became  extensively 
spread  around  the  nucleus  during  the  phase  of  active  secretion,  con¬ 
cluded  that  reversal  of  the  apparatus  does  not  occur  and  is  only  seen 
in  single  sections.  He  agrees  that  there  is  considerable  enlargement  of 
the  apparatus  in  exophthalmic  goitre,  and  that  in  this  disease  it  gives 
‘incontrovertible  evidence  of  the  marked  activity  of  the  thyroid  cell’. 
He  confirms  Okkels’s  observation  that  ‘iodine  administration  in  ex¬ 
ophthalmic  goitre  does  not  diminish  the  activity  of  the  thyroid  cell, 
which,  instead,  maintains  its  marked  secretory  powers:  the  products  of 
this  thyroid  activity  are  stored  in  the  follicles  in  the  form  of  colloid’ 
(Gillman®®).  Thomas^^e^  jjjg  gtudy  of  the  human  thyroid  gland,  distin¬ 
guished  between  cells  which  elaborate  secretion  and  others,  the  function 
of  which  is  to  excrete  the  hormone  into  the  blood-stream.  He  confirmed 
the  observations  of  Cowdry,  Ludford,  and  Cramer  and  Okkels,  that 
the  Golgi  apparatus  does  sometimes  become  displaced  towards  the  basal 
end  of  the  cells.  This,  he  states,  occurs  after  a  period  of  intense  secretory 
activity.  He  denies,  however,  that  the  position  of  the  apparatus  bears 
any  relation  to  the  direction  of  secretory  discharge. 

Welch  and  Broders^^i  reported  the  results  of  a  cytological  examina¬ 
tion  of  73  thyroid  glands  removed  at  operations.  Of  35  glands  from 
patients  with  exophthalmic  goitre,  the  Golgi  apparatus  w'as  enlarged 
m  all  except  one.  This  gland  was  removed  from  a  patient  who  had  been 
receiving  iodine  for  5  months  before  its  removal.  Further,  in  many  of 
the  follicles  of  glands  removed  from  patients  with  exophthalmic  goitre 
who  had  been  treated  with  iodine,  the  cells  showed  marked  regression, 
were  flattened,  and  no  enlargement  of  the  Golgi  apparatus  was  per- 
ceptible.  Welch  and  Broders,  therefore,  do  not  agree  with  Okkels  and 
Gillman  as  to  the  efficacy  of  iodine  treatment  as  a  means  of  inhibiting 
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hyperfunctioning  of  the  thyroid  cells.  Of  the  other  glands  they  examined 
they  found  enlargement  of  the  apparatus  in  19  of  21  glands  removed 
from  patients  with  adenomatous  goitre  with  clinical  symptoms  of 
hyperthyroidism;  and  also  in  5  of  16  adenomatous  goitres  from  patients 
who  were  judged  not  to  be  suffering  from  hyperthyroidism.  From  a 
critical  estimation  of  clinical,  histological,  and  cytological  observations 
they  concluded  that  ‘appraising  the  size  of  the  Golgi  apparatus  in  the 
thyroid  gland  would  therefore  seem  to  offer  a  more  delicate  method 
of  estimating  cellular  and  glandular  function  than  ordinary  methods’. 

Researches  of  recent  years  have  resulted  in  the  discovery  of  chemical 
compounds  capable  of  inducing  hypothyroidism,  and  special  attention 
has  been  devoted  to  the  action  of  thiourea  and  its  derivatives.  In  the 
thyroid  cells  of  rats  receiving  large  doses  of  thiourea  over  long  periods 
Jones'®^  observed  hyperplasia  of  the  thyroid  epithelium  accompanied 
by  depletion  of  colloid.  There  was  considerable  enlargement  of  the 
Golgi  apparatus,  but  fragmented  forms  of  the  apparatus  associated  with 
vacuoles  were  not  seen.  As  these  are  a  characteristic  feature  of  normally 
secreting  cells,  it  was  suggested  that  their  absence  was  indicative  of 
interference  with  the  synthesis  of  thyroid  hormone.  Lever  found  that 
some  of  the  thyroid  cells  of  young  cockerels,  which  were  fed  a  diet  rich 
in  carbohydrate,  wdth  very  little  protein,  exhibited  reversal  in  polarity 
of  the  Golgi  apparatus.  When  methyl-thiouracil  was  included  in  the 
diet  about  60  per  cent,  of  the  thyroid  cells  exhibited  reversed  polarity 
of  the  Golgi  apparatus.  Lever^io  suggests  that  interference  with  the 
intracellular  secretion  of  the  thyroid  hormones  results  in  a  decrease 
of  hormone  in  the  blood,  with  a  lowering  of  basal  metabolism.  This 
leads  to  an  increased  production  of  thyrotropic  hormone  by  the  hypo¬ 
physis.  He  concludes  that  all  cases  of  reversal  in  polarity  of  the  Golgi 
apparatus  can  be  explained  as  resulting  from  hyperactivity  of  the 
thyroid  cells  brought  about  by  an  excessive  output  of  thyrotropic 

hormone. 

iv.  Interaction  between  Micro-organisms  and  Cells 

a.  The  Action  of  Bacteria  on  Cells 

Our  knowledge  of  cytological  reactions  to  bacterial  infections  is  very 
incomplete.  No  detailed  cytological  investigation  has  been  made  by 
modern  techniques  of  the  reactions  of  the  cells  of  the  principal  organs 
in  the  case  of  any  bacterial  or  protozoan  infection.  Most  bacteria  grow 
intercellularly  in  the  body  fluids,  giving  rise  to  toxins  which  have  a 
generally  injurious  action,  while  others  exert  their  action  more  parti¬ 
cularly  on  specific  tissues.  There  are  various  references  in  the  literature 
to  bacteria  and  bacterial  toxins  inducing  degenerative  changes  in  cells. 
Thus  Ciaccio^^  described  the  breaking-up  and  vesiculation  of  mito- 
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chondria  in  ceUs  of  the  convoluted  tubules  of  the  kidney  following  in¬ 
jections  of  diphtheria  toxin  and  cultures  of  Escherichia  coir,  and  Ciaccio 
and  Scaglione^^  reported  similar  changes  in  cells  of  the  choroid  plexus 
following  injections  of  Brucella  meliteiisis  and  diphtheria  toxin,  and 
also  in  phthisis.  Choja^^-ss  studied  the  cytological  changes  in  neurones 
of  rabbits  infected  with  certain  viruses  and  some  pathogenic  bacteria 
and  protozoa,  and  also  poisoned  by  drugs  such  as  strychnine,  morphine, 
and  nicotine.  In  general,  the  degenerative  changes  were  of  the  same 
kind  and  involved  reduction  in  the  size  of  mitochondria,  diminution  in 
numbers,  and  finally  their  disappearance. 

While  the  pathogenic  bacteria  are  able  to  satisfy  their  nutritive 
requirements  and  grow  in  the  body  fluids,  a  few  may  also  have  an 
intracellular  habitat.  Thus  Neisseria  intracellularis  and  Neisseria  gonor- 
rhoeae  occur  in  large  numbers  in  the  cytoplasm  of  polymorphs,  in  which 
they  have  been  reported  to  proliferate.  According  to  Goodpasture®^ 
there  is  no  evidence  that  the  typhoid  bacillus  proliferates  within  the 
lumen  of  the  gastro -intestinal  tract,  or  within  the  blood-stream.  He 
suggests  that  infection  with  this  organism  induces  injury  to  the  lym¬ 
phoid  tissue  of  the  ileum,  and  results  in  the  formation  of  plasma  cells, 
which  become  infected.  Within  such  cells  in  lymphoid  follicles  of  iliac 
and  mesenteric  lesions  he  found  small  Gram-negative  bacilli,  which  he 
regards  as  ‘an  especially  small  bacillary  form  of  E.  typhi  modified  by 
their  intracellular  environment’.  They  occur  in  clusters  often  sur¬ 
rounded  by  a  capsular  material,  suggestive  of  active  intracellular  proli¬ 
feration.  It  is  suggested  that  newly  formed  plasma  cells  constitute  the 
cellular  hosts  of  the  bacilli,  affording  nourishment  and  protection  not 
only  during  the  period  of  incubation  but  throughout  the  active  course 
of  the  disease.  Larger  Gram-negative  bacilli  occur  in  the  macrophages 
of  the  intestinal  lesions,  together  with  remains  of  phagocytosed  lympho¬ 
cytes,  and  in  association  with  necrotic  remains  of  macrophages,  from 
which  they  derive  nourishment. 

The  most  intimate  association  between  living  cells  and  bacteria  occurs 
with  certain  of  the  Mycobacteria.  These  are  relatively  large  acid-fast 
bacteria,  and  include  the  causative  organisms  of  tuberculosis  and  leprosy 
in  man  and  animals.  When  the  tubercle  bacillus  becomes  lodged  in  the 
tissues  it  brings  about  an  accumulation  of  cells  around  it,  within  which 
it  is  said  to  proliferate.  Such  collections  of  cells,  known  as  epithelioid 
cells,  constitute  tubercles — the  characteristic  lesions  of  the  disease.  As 
they  increase  in  size  by  the  addition  of  fresh  cells  the  centres  undergo 
caseous  degeneration,  owing  to  defective  nutrition  and  accumulation 


of  waste  products  of  metabolism.  The  origin  of  the  cells  forming  the 
tubercles  has  been  the  subject  of  much  discussion,  but  the  application 
of  the  tissue-culture  technique  to  this  problem  has  done  much  to  clarify 
it.  Smyth2i8  was  the  first  to  grow  tissues  in  vitro  with  tubercle  bacilli. 
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He  employed  chick  embryo  tissues,  and  observed  the  accumulation  of 
lymphocytes  around  the  bacilli,  and  the  formation  of  epithelioid  cells. 
Their  nuclei  increased  in  numbers,  and  as  the  result  of  cell  fusion  multi- 
nucleate  giant  cells  originated.  More  detailed  cytological  studies  were 
published  later  by  Maximo and  Timofejewsky  and  Benewolen- 
skaja-24’225  Their  investigations  were  carried  out  with  rabbit  tissues  and 
blood  leucocytes,  and  led  to  similar  conclusions,  namely,  that  epithelioid 
cells  are  transformed  macrophages.  WermeF^^  suggested  they  should 
be  called  ‘epithelioid  macrophages’.  Morphologically,  according  to 
Lewis^^®,  they  are  characterized  by  a  central  mass  of  fine  granules 
stainable  vitally  wfith  neutral  red.  This  is  surrounded  by  an  inter¬ 
mediate  zone  of  mitochondria  amongst  which  fat  droplets  accumulate, 
especially  in  the  cells  at  the  centres  of  old  tubercles.  The  oval  nucleus 
lies  excentrically  in  this  zone,  adjacent  to  the  central  granular  area, 
and  contains  a  more  clearly  defined  nucleolus  than  that  of  mononuclears. 
Peripherally  there  is  a  clear  hyaline  layer  often  extending  out  into  thin 
membraneous  pseudopodia,  like  those  of  macrophages.  In  tubercles, 
Lewis  recognizes  all  stages  between  monocytes,  macrophages,  and  epi¬ 
thelioid  cells.  He  considers  that  monocytes  which  phagocytose  rela¬ 
tively  large  particles,  such  as  erythrocytes,  become  macrophages,  while 
those  that  accumulate  small  granules  become  epithelioid  cells.  Macro¬ 
phages  acquire  epithelioid  characters  after  their  phagocytosed  particles 
have  been  digested  to  fine  granules ;  and  under  certain  conditions  epi¬ 
thelioid  cells,  by  ingesting  large  particles,  become  typical  macrophages. 
For  Lewis,  therefore,  monocytes,  macrophages,  and  epithelioid  cells 
represent  the  various  functional  variations  of  the  same  cell  type.  It  is 
to  be  observed  that  lymphocytes  have  no  place  in  this  scheme,  and 
herein  lies  his  disagreement  with  Maximow,  Timofejewsky,  and  Bene- 
wolenskaja,  who  consider  that  lymphocytes  are  capable  of  transform¬ 
ing  into  polyblasts,  and  thence  to  macrophages.  Other  workers,  how¬ 
ever,  have  been  unable  to  satisfy  themselves  that  lymphocytes  behave 
in  this  manner  (Jonescu  and  Jonescid®^). 

Multinucleate  giant  cells  of  the  Langhans  type  originate  from  epi¬ 
thelioid  cells  either  by  their  fusion,  or  by  nuclear  without  cytoplasmic 
division,  or  by  a  combination  of  the  two  processes.  Both  have  been 
observed  bv  Lewis^^^’^^®  in  living  cultures.  These  giant  cells  often  attain 
considerable  sizes  with  large  numbers  of  nuclei.  Lewis^^^  figures  one 
with  47  nuclei.  The  cytoplasm  of  these  cells  exhibits  the  same  structure 
as  that  of  the  epithelioid  cells,  and  the  nuclei  are  usually  arranged 
either  crescentically  or  circularly  around  the  margin  of  the  central 
granular  area. 

There  has  been  considerable  discussion  as  to  the  relation  between  the 
epithelioid  and  giant  cells  and  the  tubercle  bacilli.  Maximow^®®4<o 
Haagen«»  spoke  of  symbiosis  between  rabbit  epithelioid  cells  and  tubercle 
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baciUi.  Haagen  reported  that  cultures  of  rabbit’s  lung  with  a  moderate 
infection  grow  as  well  as  non-infected  controls.  He  described  a  chenuo- 
tactic  action  on  the  part  of  the  bacilli  for  macrophages  but  was  unMe 
to  come  to  any  conclusion  as  to  whether  the  bacilli  after  phagocytosis 
were  able  to  divide  inside  the  epithelioid  cells.  Maximow  considered 
that  the  presence  of  bacteria  occasionally  exerted  a  stimulatory  action 
on  rabbit  epithelioid  cells,  and  Timofejewsky  and  Benewolenskaja  refer 
to  mitosis  occurring  in  cells  which  were  crammed  fuU  with  bacteria. 
The  Jonescus  also  reported  mitosis  in  epithelioid  cells  containing  de¬ 
generate  bacilli.  Since  man  is  more  sensitive  to  tubercle  bacilli  than 
rabbits,  Timofejewsky  and  Benewolenskaja  infected  cultures  of  human 
buffy  coat,  and  found  that  human  leucocytes  were  far  more  sensitive 
to  the  action  of  the  bacilli  than  were  rabbit  leucocytes.  In  heavily  in¬ 
fected  cultures  the  cells  rapidly  degenerated;  and  in  slightly  infected 
cultures  in  which  tubercles  were  formed  degeneration  occurred  in  4  or 
5  days.  Most  of  the  papers  concerned  with  tuberculosis  in  vitro  refer 
to  the  destruction  of  bacilli  by  macrophages  and  epithelioid  cells  under 
certain  conditions.  According  to  Wermel^^^,  if  the  cells  are  able  to 
overcome  the  infection  the  bacilli  become  surrounded  by  a  vacuole,  and 
are  digested  to  a  brown  pigment.  In  his  cultures  of  guinea-pig  spleen 
he  found  that  the  bacilli  had  an  inhibitory  action  upon  growth;  ulti¬ 
mately  either  the  phagocytosed  bacilli  destroyed  the  cells,  or  else  the 
cells  digested  the  bacilli  to  pigment. 

Although  it  has  been  said  that  ‘tuberculosis  is  a  disease  of  the  mono¬ 
cytes’,  it  is  pertinent  to  note  that  masses  of  tubercle  bacilli  occur  extra- 
cellularly  in  infected  organisms;  but  since  large  numbers  of  bacilli  occur 
in  the  cells  of  tubercles  it  is  assumed  that  they  find  there  a  favourable 
habitat  for  their  growth.  The  cellular  changes  occurring  in  vitro  in  the 
presence  of  tubercle  bacilli,  however,  are  by  no  means  specific  responses 
to  infection  with  this  organism.  The  formation  of  polyblasts,  epithelioid 
cells,  and  multinucleate  giant  cells  occurs  regularly  in  cultures  of  lym¬ 
phoid  tissues.  The  same  kind  of  cells  are  also  formed  by  the  monocytes 
of  explanted  tumours  (Ludford^^®). 

The  leprosy  bacillus  is  stiU  more  adapted  to  an  intracellular  mode  of 
hfe  than  is  the  tubercle  bacillus,  and  the  former  is  rarely  found  free  in 
the  tissues.  It  induces  the  formation  of  similar  nodular  lesions  composed 
of  the  epithelioid  type  of  cells  and  giant  cells.  These  cells  become 
densely  packed  with  bacilli.  From  such  a  focus  of  infection  cells  in¬ 
filtrate  the  surrounding  tissues.  Growth  is  by  accretion  of  fresh  macro¬ 
phages,  which  become  infected  with  the  bacilli  rather  than  by  mitosis, 
which  is  rarely  seen.  Infection  of  the  surrounding  tissues  appears  to 
result  from  the  breakdown  of  bacilli-laden  cells.  The  result  is  that 
bacilli  are  found  in  many  different  kinds  of  tissue  cells. 

Benewolenskaja^^  investigated  the  reaction  of  cells  to  the  leprosy 
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bacillus  in  tissue  cultures.  He  employed  cultures  of  normal  and  leukae- 
mic  human  blood,  and  also  cultures  of  liver,  spleen,  and  lungs  of  human 
embryos.  The  bacilli  had  no  harmful  action  on  the  cells,  and  in  ap¬ 
pearance  the  infected  cultures  scarcely  differed  from  the  controls.  The 
macrophages  which  migrated  from  the  explants  were  very  active  in 
phagocytosing  the  bacilli.  After  5  to  7  days  macrophages  became  trans¬ 
formed  into  Tepra  cells’.  These  cells,  also  called  ‘foam’,  or  Virchow 
cells,  are  sometimes  multinucleate,  and  contain  many  bacilli.  Their 
cytoplasm  presents  a  foamy  appearance  owing  to  the  presence  of 
numerous  droplets  of  a  lipoidal  nature.  They  soon  degenerated  in  vitro. 
By  the  fusion  of  macrophages  or  epithelioid  cells  there  originated  multi¬ 
nucleate  giant  cells.  The  phagocytosed  bacilli  continued  to  proliferate 
intracellularly,  and  the  so-called  ‘cigar  packs’ — groups  of  bacilli  re¬ 
sembling  packets  of  cigars — were  formed.  Some  of  the  phagocytosed 
organisms  underwent  degeneration,  or  were  digested  and  gave  rise  to 
granules  of  yellow  pigment. 

Timofejewsky^^^  had  previously  grown  in  vitro  fragments  of  leprous 
tissue  from  skin  nodules  of  lepers.  He  observed  the  outgrowth  of 
macrophages  containing  the  bacilli,  and  fibroblasts  devoid  of  them. 
He  described  the  development  of  lepra  cells,  and  the  formation  of  minute 
lepra  nodules  composed  of  epithelioid  cells  derived  from  macrophages. 
Mitosis  was  occasionally  seen  in  cells  containing  numerous  bacilli.  That 
infected  cells  are  not  seriously  injured  is  indicated  by  the  observations 
of  Cowdry^^.  He  found  that  their  nuclei  and  mitochondria  were  normal 
in  appearance,  however  their  functional  activities  were  impaired.  Their 
capacity  to  segregate  trypan  blue  was  reduced  in  rat  leprosy,  and  they 
also  failed  to  stain  supravitally  with  neutral  red  and  Janus  green. 
Cowdry  also  suggests  that  their  nuclei  contain  relatively  less  thymo- 
nucleic  acid  than  macrophages. 

In  the  leprous  lesions  formed  in  vivo  the  bacilli  form  large  globular 
masses  called  ‘globi’.  Cowdry^®  classifies  them  into  three  types:  ‘cigar 
packs’,  to  which  reference  has  already  been  made,  are  the  smallest; 
‘seed  globi’,  elongated  bodies  resembling  oat  seeds;  and  ‘giant  globi’, 
which  may  attain  a  diameter  of  150  [x  or  more.  Evidence  has  been 
adduced  that  the  latter  develop  intracellularly  in  giant  cells. 

It  is  of  interest  to  note  that  leprosy  bacilli,  which  have  become 
adapted  to  an  intracellular  mode  of  life,  resist  attempts  to  cultivate 
them  by  the  routine  methods  of  bacteriological  technique.  Benewolen- 
skaja^^  reported  their  growth  extracellularly  in  his  degenerate  cultures, 
and  mentions  that  Timofejewsky’s  strain  can  be  grown  exclusively  on 
clotted  plasma,  but  grows  much  better  in  the  presence  of  cells.  It  seems 
that  the  more  micro-organisms  become  adapted  to  an  intracellular 
habitat,  the  more  difficult  becomes  their  cultivation  in  artificial  media. 
The  Rickettsiae  and  viruses,  to  be  discussed  in  the  following  sections, 
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have  become  so  completely  adapted  to  an  intracellular  mode  of  life  that 
they  are  incapable  of  being  cultivated  apart  from  living  cells. 

b.  The  Action  of  Rickettsiae  on  Cells 

Rickettsiae  have  been  defined  by  Cowdry^®  as  ‘  Gram -negative,  bac¬ 
terium-like  organisms  of  small  size,  usually  less  than  half  a  micron  in 
diameter,  which  are  found  intraeellularly  in  arthropods,  which  may  be 
more  or  less  pleomorphic  and  stain  rather  lightly  with  anilin  dyes,  but 
which  resemble  in  most  of  their  properties  the  type  species,  R.  prowa- 
zekV—the  causative  agent  of  typhus  fever.  The  generic  name  Rickettsia 
perpetuates  the  memory  of  Howard  Taylor  Ricketts,  who  died  w^hile 
investigating  typhus  fever;  and  the  name  of  this  species— prowazeki — 
was  given  in  memory  of  von  Prowazek,  who  also  forfeited  his  life  in  the 
same  cause. 

Rickettsiae  are  transmitted  to  mammals  by  the  bites  of  insects  and 
arachnids.  In  the  arthropod  vectors  they  occur  both  intercellularly  and 
intraeellularly,  but  in  their  mammalian  hosts  are  almost  entirely  intra¬ 
cellular.  They  occur  most  frequently  in  endothelial  cells,  but  most 
species  have  also  been  reported  in  other  cells.  They  are  the  aetiological 
agents  of  typhus  fever,  trench  fever.  Rocky  Mountain  spotted  fever, 
heart-water  of  cattle,  and  Tsutsugamuchi  disease.  The  more  typical 
Rickettsiae  have  not  been  grown  in  artificial  media  apart  from  living 
cells,  in  which  respect  they  resemble  viruses,  but  they  are  larger  than 
the  elementary  bodies  of  viruses,  and  although  there  is  conflict  of 
opinion  as  to  their  ultrafiltrability,  most  evidence  indicates  that  they 
can  be  retained  by  filters  which  allow  the  passage  of  viruses. 

Rickettsiae  exhibit  a  high  degree  of  adaptation  to  an  intracellular 
habitat  in  the  bodies  of  mammals.  According  to  Wolbach,  Todd,  and 
Palfrey^^®,  in  man  Rickettsiae  tend  to  form  intracellular  globular  masses. 
This  feature  is  even  more  pronounced  with  R.  ruminantium  in  cattle 
suffering  from  heart-water.  Cowdry**^  described  colonies  of  the  organism 
growing  within  vacuole-like  cytoplasmic  spaces  filled  with  a  clear  fluid. 
The  endothelial  cells  became  considerably  distended,  but  their  nuclei 
seldom  exhibited  signs  of  injury.  There  was  no  evidence  to  indicate 
that  the  Rickettsiae  stimulated  cells  to  divide.  Nicholson^^^  found  that 
in  cells  infected  with  the  Rickettsiae  of  Rocky  Mountain  spotted  fever — 
Dermacentroxenus  rickettsi — the  mitochondria  were  reduced  in  numbers, 
and  those  remaining  lost  their  rod-shaped  and  filamentous  form  and 
became  granular.  This  condition,  as  has  been  previously  described,  is 
characteristic  of  early  degenerative  cellular  changes. 

Cytological  studies  of  Rickettsiae  in  tissue  cultures  emphasize  the 
dependence  of  these  organisms  upon  living  cells  for  their  growth  and 
survival.  Pinkerton  and  Hass’^®®-^®’  grew  in  vitro  cells  from  the  scrotal 
sac  exudate  of  guinea-pigs  infected  with  typhus.  They  obtained  what 
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they  considered  to  be  relatively  pure  cultures  of  mesothelium.  Rickettsiae 
grew  abundantly  in  these  cells,  and  they  exhibited  considerable  morpho¬ 
logical  variations — minute  granules,  diplobacilli,  and  chain-like  forms. 
The  best  growths  of  the  micro-organisms  were  obtained  at  32°  C.  The 
majority  of  the  cells  then  became  distended  with  the  Rickettsiae.  They 
were  found  in  cells  in  all  stages  of  mitosis.  It  is  of  interest  to  note  that 


Text-figs.  7—9.  Intranuclear  clusters  of  Rickettsiae  of  Rocky  Mountain  spotted 
fever  in  a  tissue  culture  of  scrotal  sac  exudate  cells  of  the  guinea-pig. 

Fig.  7.  Cluster  of  organisms  with  individuals  not  resolvable.  Fig.  8.  Early  stage  of  in¬ 
fection.  Fig.  9.  Nucleus  almost  completely  filled  with  Rickettsiae. 

R,  Rickettsiae.  Semidiagrammatic,  after  Pinkerton  and  Hass*®’. 

40  per  cent,  of  the  cells  in  mitosis  were  free  of  Rickettsiae,  while  only 
8-5  per  cent,  of  the  ‘resting’  cells  contained  no  Rickettsiae.  Mitosis  was 
not  sufficiently  frequent  to  account  for  the  infection  of  all  the  cells  in 
the  cultures.  It  seemed  necessary  to  assume  that  the  Rickettsiae  were 
set  free  from  some  cells  and  gained  entrance  to  others.  The  same  mode 
of  transmission  was  suggested  b}’  Nishibe,  Hosono,  and  Myazawa^*’^  who 
worked  with  cultures  of  rabbit  tissues  infected  with  R.  orientalis  of 
Tsutsuganiuchi  disease.  They  observed  no  mitosis  in  infected  cells. 

In  certain  tissues  of  ticks  Wolbach^^^  found  Dermacentroxenus  rickettsi 
of  Rocky  Mountain  spotted  fever  massed  within  nuclei.  They  have  not 
been  reported  intranuclearly  in  infected  cattle,  but  they  have  in  tissue 
cultures  of  guinea-pig  mesothelium.  Pinkerton  and  Hass^^'  were  able 
to  grow  cultures  of  cells  from  the  scrotal  sac  exudate  of  the  guinea-pig 
infected  with  this  Rickettsia.  In  several  of  their  cultures  the  micro 
organisms  were  seen  only  in  the  nuclei,  while  in  others  only  the  cyto 
plasm  was  infected.  Both  nuclear  and  cytoplasmic  infection  were  rare. 
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The  Rickettsiae  made  their  appearance  in  the  nuclei  as  small  spherical 
groups  of  closely  packed  organisms.  Each  cluster  was  surrounded  by 
a  definite  halo.  ‘In  some  instances  the  individual  organisms  of  a  group 
could  not  be  resolved,  and  the  clusters  appeared  as  hyaline  masses 
(Text-fig.  7).  These  are  of  particular  interest  owing  to  their  resemblance 
to  the  intranuclear  bodies  characteristic  of  certain  virus  diseases  to  be 
discussed  in  the  next  section.  At  later  stages  of  infection  the  clusters 
within  a  single  nucleus  fuse  together,  and  the  mass  thus  formed  may 
come  to  occupy  the  greater  part  of  the  nucleus  (cf.  Text-figs.  8  and  9). 

Homogeneous  inclusion  bodies  have  also  been  described  in  the  cyto¬ 
plasm  of  cells  infected  with  typhus  Rickettsiae.  According  to  Begg, 
Fulton,  and  van  den  Ende^o  they  probably  only  occur  during  the  adapta¬ 
tion  of  a  strain  of  Rickettsiae  to  a  new  host,  and  are  indicative  of  cellular 
resistance  to  the  infecting  organism.  Rickettsiae  do  not  survive  long  in 
degenerating  cultures.  According  to  Pinkerton  and  Hass^®’  the  Rickett¬ 
sia  proicazeki  disappears  in  less  than  a  week,  when  the  cells  undergo 
degeneration.  They  remain  visible  only  slightly  longer  than  do  the 
degenerating  cytoplasm  and  nuclei  of  dying  cells. 

Recently  Nyka^®^  has  brought  forward  evidence  that  in  the  lungs  of 
rats  infected  with  murine  typhus,  individual  Rickettsiae,  if  not  taken 
up  by  other  cells,  may  develop  extracellularly,  giving  rise  to  clusters 
and  large  masses  of  the  organisms. 

c.  The  Action  of  Viruses  on  Cells 

(i)  The  Nature  of  Viruses.  The  study  of  viruses  has  opened  up  vistas 
of  a  world  of  minute  organisms  beyond  the  limits  of  resolution  of  the 
light  microscope.  Our  knowledge  of  their  existence  results  from  the 
diseases  they  cause  in  animals  and  plants.  These  include  such  infections 
as  small-pox,  rabies,  influenza,  yellow  fever,  and  poliomyelitis  (infantile 
paralysis)  in  man;  foot-and-mouth  disease  in  cattle;  and  the  mosaic 
diseases  of  plants.  That  there  exists  an  as  yet  unexplored  realm  of  sub- 
microscopic  non -pathogenic  organisms  seems  highly  probable. 

Viruses  have  only  been  cultivated  in  the  presence  of  living  cells.  They 
are  described  as  ultramicroscopic  and  filter-passing  organisms.  The 
former  attribute  refers  to  their  size.  While  the  Bacillus  prodigiosum, 
one  of  the  smallest  of  bacteria,  colonies  of  which  are  responsible  for 
‘blood-spots’  on  damp  bread,  has  a  diameter  of  0-75 p.,  the  Psittacosis 
virus,  which  is  amongst  the  largest  of  the  viruses,  is  only  one-third  that 
size.  Of  the  smallest,  yellow  fever  virus  has  a  diameter  of  about  0-022  /x, 
and  the  viruses  of  poliomyelitis  and  foot-and-mouth  disease  are  approxi¬ 
mately  0-01  p  in  diameter,  which  is  smaller  than  some  of  the  largest 
organic  molecules.  It  is  obvious  that  particles  of  such  sizes  cannot  be 
resolved  by  the  ordinary  microscope.  Viruses  are  described  as  filter¬ 
passing,  since  they  can  be  forced  through  filters  which  retain  the  smallest 
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bacteria.  Their  actual  sizes  have  been  determined  by  three  methods: 
by  passage  through  Elford’s  collodion  filters  of  known  pore-size;  by  the 
technique  of  ultracentrifugation;  and  by  direct  measurement  either  of 
electron  micrographs  or,  in  the  case  of  the  larger  viruses,  of  ultraviolet 
micrographs.  The  results  obtained  with  the  same  virus  by  these  different 
methods  have  been  relatively  uniform.  The  individual  virus  particles 
are  usually  known  as  ‘elementary  bodies’. 

Many  investigators  have  found  it  difficult  to  believe  that  the  smallest 
of  the  viruses  are  living  organisms.  It  seems  scarcely  feasible  ‘that  there 
is  room  in  a  particle  smaller  than  a  molecule  of  haemocyanin  and  only 
two  or  three  times  the  diameter  of  a  haemoglobin  molecule  for  the  com¬ 
plexes  necessary  for  organized  life’  (Laidlaw^®’).  Those  who  doubted 
the  organismal  nature  of  viruses  found  considerable  support  for  their 
views  in  Stanley’s  discovery  that  from  tobacco  plants  infected  with 
mosaic  disease  there  could  be  isolated  a  para-crystalline  nucleoprotein 
which  possessed  all  the  properties  of  the  virus  (Stanley^^^).  Since 
infection  of  plants  with  this  purified  protein  leads  to  production  by 
the  cells  of  more  of  the  same  virus,  the  suggestion  has  been  advanced 
that  viruses  are  complex  auto -catalysts.  Stanley  suggests  that  ‘the 
virus  protein  molecule  may  be  able  to  cause  smaller  molecules  already 
present  in  the  cell,  or  smaller  molecules  produced  by  the  cells  as  a 
result  of  the  presence  of  the  virus  molecule  to  organize  and  combine 
to  form  a  new  virus  molecule’.  It  is  possible  that  all  viruses  are  not  of 
the  same  nature.  Thus  Rivers^®®  suggested  ‘some  of  them  may  be 
minute  living  organisms  representing  the  midgets  of  the  microbic  world, 
others  may  be  primitive  forms  of  life  unfamiliar  to  us,  still  others  may 
be  inanimate  transmissible  incitants  of  disease’.  Laidlaw  advanced 
the  suggestion  that  the  diminution  in  size  of  the  various  viruses  may 
be  correlated  with  progressive  loss  of  ferment-systems  and  auto-syn¬ 
thetic  potentialities,  and  an  increasing  degree  of  dependence  upon  their 
cellular  host.  According  to  this  conception,  ‘viruses  are  decadent  forms 
of  organisms  degraded  through  long  persistent  parasitism’,  the  smallest 
having  attained  ‘the  supreme  summit  of  parasitism’. 

Cells  infected  with  viruses  react  in  various  ways.  Andrewes^  has 
emphasized  that  ‘one  can  point  to  examples  of  every  type  of  change 
produced  in  cells  by  the  action  of  a  virus,  from  pure  necrosis  to  almost 
pure  proliferation’.  He  cites,  as  instance  of  the  former,  foot-and-mouth 
disease.  The  filterable  tumours  of  fowls  afford  examples  of  growth 
stimulation.  Vvhth  other  viruses,  such  as  those  of  fowl-pox  and  mollus- 
cum  contagiosum  of  man,  an  initial  cellular  proliferation  is  followed  by 
degeneration  and  necrosis. 

(ii)  Virus  Bodies.  Most  viruses  lead  to  the  formation  in  infected  cells 
of  atypical  bodies  and  granulations  known  as  ‘cell  inclusions  or  virus 
bodies’.  They  are  formed  either  within  the  nucleus  or  in  the  cytoi)lasin, 


PATHOLOGICAL  ASPECTS  OF  CYTOLOGY  393 

and  with  some  viruses,  such  as  small-pox,  both  types  occur.  The  nature 
of  these  virus  bodies  has  been  the  subject  of  much  discussion.  With 
most  of  them  there  has  been  controversy  as  to  whether  they  represent 
accumulations  or  colonies  of  the  viruses,  or  are  simply  reaction  products 
of  the  cells.  There  has  been  an  unfortunate  tendency  to  study  infected 
cells  cytologically,  without  a  preliminary  study  of  the  morphological 
changes  which  occur  in  the  same  cells  during  autolysis,  in  the  absence 
of  micro-organisms.  At  the  beginning  of  this  article  we  described  the 
regressive  changes  that  occur  in  cells,  and  the  illustrations  on  Plate  1 
demonstrate  the  variety  of  granules  of  various  kinds  which  originate  in 
cells  grown  under  aseptic  conditions,  some  of  which,  omng  to  their  size, 
might  easily  be  confused  with  viruses. 

It  would  be  impossible  here  to  survey  at  all  adequately  the  vast 
literature  devoted  to  the  action  of  viruses  on  cells,  so  w'e  shall  restrict 
our  attention  to  a  few  viruses  that  induce  the  formation  of  eharacteristic 
inclusions.  These  are  enumerated  below,  together  with  their  associated 
virus  bodies. 


Cytoplasmic  inclusions 


Fowl -pox  .... 
Molluscum  contagiosuui  of  man 
Vaccinia  (cow-pox) 

Kabies  ..... 
Mosaic  disease  of  plants  . 


Bollinger  bodies 
Molluscum  bodies 
Guarnieri -bodies 
Negri  bodies 

Granular  and  crystalline  inclusions 


Intranuclear  inclusioris 

Yellow  fever  ....... 

Salivary  gland  disease  of  guinea-pigs  and  moles 
Virus  III  infection  of  rabbits  .  .  .  .  . 

Herpes ......... 

Poliomyelitis  (infantile  paralysis)  (CovelP’ ;  Hurst®®)  . 
Borna  disease  of  horses  (enzootic  encephalomyelitis) . 


I  Type  A  (Cowdry'**) 
)  Type  B 


For  full  references  to  the  literature  the  reader  is  referred  to  the  review's 
of  Findlay  and  Ludford^s,  Cow'dry42,  Rivers204,205^  Ludford^^a  and 
Stanley^^®. 

Much  progress  has  already  been  made  in  the  study  of  purified  prepara¬ 
tions  of  viruses  by  means  of  the  electron  microscope.  Technical  diffi¬ 
culties  have  so  far  restricted  its  range  of  usefulness  for  investigating 
the  reactions  of  cells  to  virus  infections.  Considerable  advances  can  be 
anticipated  with  improvement  in  the  methods  of  preparing  cells  for 
examination  by  this  new  technique,  with  its  hundredfold  extension  of 
the  limits  of  microscopic  resolution. 

(m)  Cytoplasmic  Inclusions.  Fowl-pox.  Scarification  of  the  skin  of 
fow  ls  with  this  virus  induces  the  formation  of  w'art-like  nodules,  which 
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often  attain  a  considerable  size.  As  the  disease  is  contagious  it  is  some¬ 
times  known  as  epithelioma  contagiosum.  The  earliest  indication  of 
infection  in  the  epidermal  cells  is  the  appearance  of  small  cytoplasmic 
vacuoles.  Text-fig.  10  shows  such  a  cell  impregnated  to  demonstrate  the 
Golgi  apparatus,  occupying  here  its  usual  position  at  the  apical  pole 
of  the  nucleus.  Many  cells  are  seen  in  division  containing  these  small 
vacuoles.  One  is  shown  in  Text-fig.  12.  The  mitochondria  here  are  of 
the  typical  granular  form  characteristic  of  mitosis  in  epidermal  cells. 
In  examining  sections  of  lesions,  as  one  passes  from  the  lowest  layers 
of  the  epidermal  cells  towards  the  surface  of  the  skin,  the  cytological 
features  exhibited  are  the  expression  of  two  processes — keratinization, 
and  progressive  infection  of  the  cells  with  the  virus.  Keratinization 
alone  is  accompanied  by  a  gradual  disintegration  of  all  the  cell  organs 
(Ludford^^®),  and  it  has  been  suggested  that  the  formation  of  the  large 
inclusions  in  this  disease  is  correlated  with  disintegration  of  the  cellular 
organization.  In  the  course  of  the  intracellular  infection  the  cytoplasmic 
vacuoles  increase  in  numbers  and  in  size  (Text-fig.  1 1 )  and  appear  ulti¬ 
mately  to  fuse,  so  that  most  cells  come  to  contain  a  single  large  inclusion 
— the  Bollinger  body — occupying  most  of  the  cell.  During  their  enlarge¬ 
ment  the  vacuoles  become  surrounded  by  a  lipoidal  substance  which 
blackens  with  osmic  acid,  stains  with  Scharlach  R.  (Michaelis),  and 
gives  a  positive  reaction  with  Ciaccio’s  method  for  hpoids.  After  bleach¬ 
ing  sections  with  hydrogen  peroxide  it  is  possible  to  demonstrate  fine 
granules  within  the  larger  vacuoles,  which  have  been  regarded  as  the 
actual  virus  particles  (elementary  bodies),  or  accumulations  of  them 
(Text-fig.  15).  During  the  early  development  of  the  virus  bodies  cells 
become  hypertrophied  and  the  Golgi  apparatus  considerably  enlarged 
(Text-figs.  13  and  14).  Its  normal  polarity  is  lost  and  in  some  cells  is 
completely  reversed.  A  close  topographical  relationship  between  it  and 
the  developing  virus  bodies  is  often  clearly  apparent,  and  it  seems 
probable  that  it  may  play  some  role  in  the  formation  or  localization  of 
the  lipoidal  substance  which  is  deposited  around  the  developing  in 
elusions.  It  breaks  up  some  time  before  the  latter  are  fully  formed 
( Ludford  and  Findlayi®®).  a  similar  hypertrophy  of  the  Golgi  apparatus 
followed  by  disintegration  was  described  by  del  Rio-Hortega^®  in  nerve 
cells  in  a  case  of  paralytic  rabies,  by  Findlay^^.e^  jn  connective  tissue 
cells  in  infectious  myxomatosis  of  rabbits,  and  in  some  liver  cells 
of  animals  infected  with  Rift  Valley  fever,  and  by  Gresson  and 
Zlotnik®®  in  neurons  of  the  central  nervous  system  of  sheep  infected 

with  looping  ill.  •  u  i- 

Fowl-pox  inclusions  were  subjected  to  micro-incineration  by  UaiiKs  . 

They  left  a  greyish-white  residue  consisting  of  minute  particles  o 

mineral  ash,  coiresponding  to  the  granules  seen  in  suitably  staine 

sections  (Text-fig.  15).  He  suggested  that  these  granules  might  not 
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Text-figs.  10-15,  Reaction  of  epidermal  cells  of  the  chick  to  the  virus  of  fowl-pox. 

Fig.  10.  Cell  from  lowest  layer  of  stratum  mucosum,  showing  earliest  indication  of  infection _ 

small  vacimles  in  the  cytoplasm.  Fig.  1 1.  Cell  with  virus  inclusions,  the  larger  with  peripheral 
1  stage  of  infection,  showing  virus  vacuoles  and  mitochondria, 

rig.  16.  i wo  cells  at  early  stage  of  infection.  The  lower  is  considerably  enlarged  and  its  Golai 
apparatus  18  hypertrophietl  and  reversed  in  polarity;  in  the  upper  cell  the  Golgi  apparatus  is 

showing  altered  polarity  of  the  Golgi  apparatus,  and  the 
lormation  of  virus  bodies  in  intimate  relationship  with  the  Golgi  apparatus.  Fig.  15.  Cell  with 
p  body  exhibiting  a  finely  granular  structure.  C,  connective  tissue  of  dermis- 

uA,  Golgi  apparatus;  M,  mitochondria;  V,  virus  bodies.  After  Ludford  and  Findlay'*® 
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themselves  be  the  virus  particles,  but  that  they  served  as  loci  for  their 
adsorption.  Woodruff  and  Goodpasture^^®  demonstrated  conclusively 
that  Bollinger  bodies  contained  the  virus  by  isolating  single  bodies  by 
means  of  the  micro-manipulation  technique.  One  of  these,  after  washing 
in  saline  and  inoculation  into  the  skin  of  a  fowl,  would  produce  a  typical 
fowl-pox  lesion,  while  the  saline  in  which  it  was  suspended  before 
inoculation  was  innocuous. 

Molluacum  contagiosum  of  man.  According  to  Goodpasture  and  King®^ 
molluscum  bodies  are  very  similar  to  the  Bollinger  bodies.  They  differ 
from  the  latter  in  the  absence  of  a  lipoidai  envelope.  After  tryptic 
digestion  they  are  sticky  and  gelatinous  (Goodpasture  and  Woodruff®^). 
The  fully  formed  body,  according  to  Van  Rooyen^^s^  is  pear-shaped,  with 
a  semi-translucent  ‘cap’  at  its  conical  extremity.  This  is  the  thinnest 
part  of  the  body  wall,  and  the  most  easily  ruptured  with  liberation  of 
the  included  granules.  Van  Rooyen  considers  this  virus  body  resembles 
in  miniature  a  fungus  sporangium.  Tests  with  Lugol’s  iodine  indicate 
that  its  outer  covering  is  composed  of  carbohydrate.  After  micro¬ 
incineration  this  is  burnt  off,  leaving  a  granular  residue  derived  from 
its  contents  (Van  Rooyen^^®). 

Vaccinia  {Cow-pox).  The  Guarnieri-bodies  produced  by  this  virus 
have  been  the  subject  of  much  investigation,  and  most  conflicting  views 
have  been  expressed  as  to  their  nature.  Since  they  are  formed  in  epi¬ 
dermal  cells  in  which  keratinization  occurs,  with  extrusion  of  nucleolar 
material  into  the  cytoplasm,  there  has  been  some  confusion  of  this  with 
the  virus  inclusions.  Most  recent  work  favours  the  view  that  Guarnieri- 
bodies  represent  a  developmental  phase  in  the  life-cycle  of  the  virus. 
Bland  and  Robinow^’,  who  observed  the  results  of  infecting  cells  in 
tissue  cultures  with  the  virus,  came  to  the  conclusion  that  the 
Guarnieri-bodies  represent  colonies  of  elementary  bodies  enveloped  in 
a  matrix. 

In  epidermal  cells  of  the  rat  cornea  infected  with  vaccinia,  and  treated 
cytoiogically  for  the  demonstration  of  the  Golgi  apparatus,  minute 
vacuoles  are  seen  in  the  cytoplasm.  The  Golgi  apparatus  of  such  cells 
is  frequently  enlarged  and  often  exhibits  complete  reversal  of  polarity. 
This  condition  is  illustrated  in  Text-fig.  17,  which  should  be  compared 
with  Text-flg.  16  showing  the  form  and  position  of  the  apparatus  in  a 
normal  cell.  Other  cells  contain  larger  vacuoles  that  are  seen  to  con¬ 
tain  extremely  fine  granules,  which  are  interpreted  as  accumulations  of 
the  elementary  bodies.  Such  a  cell  is  represented  in  Text-fig.  18.  It  will 
be  observed  that  the  Golgi  apparatus  is  fragmented,  and  this  therefore 
would  indicate  a  later  stage  of  infection  (Ludford^®^).  i  he  large  vacuolar 
inclusions  appear  to  be  forjned  as  the  result  of  the  enlargement  and 
fusion  of  the  smaller  vacuoles.  Ultimately  cells  become  distended  with 
large  vacuoles  filled  with  fine  granules.  That  Guarnieri-bodies  develop 


PATHOLOGICAL  ASPECTS  OF  CYTOLOGY  397 

from  elementary  bodies  which  penetrate  ceUs,  become  surrounded  by 
vacuoles  inside  of  which  they  proliferate  and  finally  fuse  to  form  a  virus 
colony  included  within  a  fluid  matrix,  was  the  conclusion  to  which 
Eisenberg-Meiiing®®  also  came  as  the  result  of  the  study  by  dark- 
ground  illumination  of  hving  infected  cells  of  the  rabbit  cornea.  It  is 
of  interest  to  note  that  the  enlargement  of  the  Golgi  apparatus,  its 


Text-figs.  16-18.  Reaction  of  rat  corneal  cells  to  vaccinia  virus  (cow-pox). 

Fig.  16.  Normal  cell  with  Golgi  apparatus  at  apical  pole  of  nucleus.  Fig.  17.  Enlarge¬ 
ment  and  reversal  in  polarity  of  the  Golgi  apparatus  in  association  with  virus  vacuoles. 
Fig.  18.  Fragmented  Golgi  apparatus  and  large  Guarnieri-body. 

GA,  Golgi  apparatus;  V,  virus  vacuole;  VB,  virus  body  (Guarnieri-body).  After 
Ludford*®’. 


reversal  of  polarity,  and  topographical  relationship  with  the  developing 
inclusions  is  closely  paralleled  with  the  cytological  process  described 
previously  in  cells  infected  with  fowl-pox. 

Psittacosis  is  another  virus  which  forms  cytoplasmic  bodies  of  a  well- 
defined  character,  composed  of  virus  particles  embedded  in  a  matrix. 
They  have  been  studied  in  vivo  and  in  vitro  by  Bedson  and  Bland®’®  and 
Bland  and  Canti^®. 

Rabies.  Two  types  of  inclusions  have  been  described  in  the  nerve 
cells  of  animals  and  man  infected  with  rabies:  small  hyaUne  granules, 
called  Tyssa  bodies’,  and  the  larger  Negri  bodies,  which  consist  of  a 
ground  substance  containing  a  central  body  surrounded  by  chromatoid 
granules.  The  latter  are  sufficiently  distinctive  to  be  of  diagnostic  value. 
There  is  considerable  difference  of  opinion  as  to  whether  they  represent 
colonies  of  elementary  bodies  or  are  simply  products  of  cellular  disin¬ 
tegration.  The  latter  view  is  supported  by  Covell  and  Danks®®. 

Virus  Diseases  of  Plants.  Cell  inclusions  are  formed  in  some  virus 
diseases  of  plants,  but  not  in  others.  Two  types  have  been  described, 
amorphous  granular  bodies,  and  cry.stalline  ones.  Both  contain  virus 
together  with  a  second  constituent  differing  in  the  tv/o  types.  Sheffielders 
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has  suggested  that  viruses  may  be  rendered  insoluble  in  the  cytoplasm 
by  precipitation  in  the  form  of  such  complexes,  and  that  the  forma¬ 
tion  of  these  inclusions  may  represent  an  intracellular  protective 
mechanism. 

(iv)  Intranuclear  Inclusions.  Cowdry^®  distinguishes  two  types  of 
intranuclear  inclusions  in  virus  diseases,  which  he  designates  types  A 
and  B.  Those  of  type  A  are  formed  by  the  accumulation  of  granular 
acidophil  material,  accompanied  by  the  displacement  on  to  the  nuclear 
membrane  of  the  basophilic  nuclear  component.  The  nucleoli  are 
altered  and  displaced  peripherally,  where  they  disintegrate,  and  the 
inclusion-laden  nuclei  ultimately  become  disrupted.  Type  B  inclusions 
are  usually  spherical,  often  hyaline,  droplet-like  bodies,  arising  in  nuclei 
which  otherwise  appear  normal,  Margination  of  the  basophilic  nuclear 
substance  does  not  occur  in  the  same  way,  but  it  is  displaced  peri¬ 
pherally  if  the  inclusion  becomes  very  large. 

Luger  and  Lauda^®^  interpreted  these  inclusions  as  arising  from  what 
they  called  ‘oxy chromatic’  degeneration.  The  process  of  formation  of 
a  characteristic  intranuclear  inclusion  is  shown  in  Text-figs.  19-25,  re¬ 
produced  semidiagrammatically  after  Cowdry  and  Kitchen^^.  They 
illustrate  the  formation  of  the  inclusion  bodies  of  yellow  fever  in  the 
nuclei  of  liver  cells  of  the  monkey,  Macacus  rhesus,  demonstrating  stages 
in  the  progressive  accumulation  of  acidophil  granules,  and  the  deposi¬ 
tion  of  basophilic  substance  on  the  nuclear  membrane.  The  intranuclear 
inclusions  of  liver  cells  in  Rift  Valley  fever  arise  in  a  similar  manner, 
according  to  Findlay®^.  Intrahepatic  inoculation  of  herpes  virus  into 
the  liver  of  the  monkey  Cebus  hypoleucus  is  followed  by  a  different  mode 
of  formation  of  inclusion  bodies,  Cowdry  anQ  Kitchen^®  describe  them 
as  being  formed  from  ‘  more  or  less  even  cloud-like  deposits  of  acidophil 
particles  in  the  centres  of  the  affected  nuclei’;  also,  the  separation 
between  the  acidophilic  and  basophilic  constituents  of  the  nucleus  is 
more  marked  in  herpes  than  in  yellow  fever.  Other  differences  have 
been  described  between  the  various  intranuclear  inclusions.  Thus  the 
herpetic  inclusions  are  more  finely  granular  and  less  compact  than  those 
of  the  virus  III  inclusions  of  rabbits  (Cowdry^^).  The  development  of 
the  large  inclusions  within  hypertrophied  cells  in  submaxillary  gland 
disease  of  guinea-pigs  and  moles  is  not  accompanied  by  margination  o 
basophilic  material.  The  latter  remains  in  association  with  the  Jirus 
body  and  is  responsible  for  its  tendency  to  stain  basophil.  Lucas  has 
sought  to  correlate  the  degree  of  association  between  basichromatin 
and  virus  bodies  with  the  cellular  specificity  of  the  viruses.  When  a 
virus  is  very  selective,  as  it  is  in  the  submaxillary  viruses,  generauy 
there  is  found  a  corresponding  compatibility  between  inclusion  o  y 
and  the  chromatin  of  the  infected  cell.  In  contrast,  viruses  having  lo 
specificity,  such  as  herpes,  which  is  cosmopolitan  in  infective  po  e 
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tialities,  show  low  compatibility  with  the  nuclear  material.  Lucas 
demonstrated  this  difference  between  the  viruses  he  cites  by  subjecting 
cells  containing  the  two  types  of  virus  bodies  to  ultracentrifugation. 


Text-figs.  19-29.  Intranuclear  v'irus  bodies. 

Figs.  19-25.  Yellow  fever  inclusions  in  liver  cells  of  Macacus  rhesus  monkeys.  (Semi- 
diagrammntic,  after  Cowdry  and  Kitchen^*).  Figs.  19-22.  Stages  in  the  development  of 
the  acidophil  particles,  and  in  the  margination  of  its  basichro matin.  Figs.  23-4.  Late 
terminal  stage.  Fig.  25.  Nuclear  membrane  has  disappeared,  leaving  a  mass  of  acidophil 
granules.  A,  acidophil  granules ;  B,  basichromatin ;  N,  nucleolus. 

Figs.  2^9.  After  Lucas'*®.  Fig.  26.  Dvict  cell  of  submaxillary  gland  of  the  ground  mole 
containing  intranuclear  inclusion  of  maxillary  gland  disease.  Fig.  27.  Similar  cell  after 
ultracentrifugation  for  an  hour  at  approximately  500,000  times  gravity,  h'ig.  28.  Corneal 
epithelial  cell  of  rabbit  containing  virus  body  of  herpes.  Fig.  29.  Similar  cell  after  ultra¬ 
centrifugation.  B,  basichromatin;  1,  inclasion  body;  L,  nucleoplasm;  O,  oxychromatin. 


The  nucleus  of  an  epithelial  cell  of  the  rabbit  containing  a  central  virus 
body  and  marginal  basichromatin,  as  shown  in  Text-fig.  28,  became 
stratified  after  centrifugation,  as  seen  in  Text-fig.  29.  Basi-  and  oxy¬ 
chromatin  were  displaced  centrifugally,  the  inclusion  body  centripetally. 
The  virus  body  of  a  submaxillary  gland  cell  of  the  mole  (Text-fig.  26) 
was,  on  the  other  hand,  displaced  by  centrifugation,  together  with  the 
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basichromatin,  in  the  direction  of  the  centrifugal  force,  and  strands  of 
oxy chromatin  remained  stretched  between  it  and  the  nuclear  membrane 
(Text-fig.  27). 

The  apjDlication  of  histochemical  tests  to  the  intracellular  inclusions 
of  yellow  fever,  herpes,  chicken-pox,  submaxillary  disease,  virus  III, 
and  Rift  Valley  fever  have  demonstrated  that: 

(1)  they  do  not  stain  with  Sudan  III  or  blacken  with  osmic  acid; 

(2)  they  are  negative  to  the  Bensley-Macallum  test  for  masked  iron 

(3)  they  fail  to  stain  with  the  Feulgen  reaction  for  thymonucleic  acid, 
except,  in  some  cases,  very  faintly. 

When  subjected  to  micro-incineration  the  mature  virus  bodies,  unhke 
nucleoli,  leave  very  little  or  no  ash  (Cowdry^^;  Cowdry  and  Kitchen‘s®; 
Findlay®^;  Horning  and  Findlay^®;  Rector  and  Rector^®^). 

Acidophil  intranuclear  inclusions  resembling  those  produced  by  viruses 
have  been  reported  in  cells  under  such  conditions  that  there  is  no  reason 
to  assume  any  relationship  with  a  virus  infection — in  kidney  cells  of 
many  mammals  and  birds  (Cowdry,  Lucas,  and  Fox®®)  and  in  tissue 
cultures  of  foetal  leptomeninges  (Fischmann  and  Russell'^).  Other  in¬ 
clusions  have  been  found  which  are  so  like  those  of  known  virus  aetio¬ 
logy  that  they  have  led  their  discoverers  to  assume  they  have  been 
produced  by  unknown  viruses.  Examples  of  these  are  the  inclusions 
found  in  liver  cells  of  dogs,  in  salivary  gland  cells  of  Cebus  fatuellus,  and 
in  kidney  cells  of  Macacus  rhesus  by  Cowdry  and  Scott®^-®®’®^;  in  kidney 
cells  of  sewer  rats  by  Hindle®^;  and  the  inclusions  described  by  Hass®'^ 
in  liver  and  adrenal  cortex  cells  of  an  infant  afflicted  with  a  fatal  disease 
characterized  by  hepato -adrenal  necrosis.  Intranuclear  inclusion  bodies 
resembling  to  varying  degrees  those  produced  by  knowm  viruses  have 
been  induced  artificially  in  various  nerve  cells  by  injections  of  large 
quantities  of  distilled  water  and  by  hypertonic  solutions  of  glucose, 
NaCl,  and  NaHCOg;  also  in  mononuclears  and  giant  cells  by  certain 
aluminium  and  ferric  compounds,  and  by  carbon  (Olitsky  and  Har- 
fQrdiss)  jjj  latter  case  attempts  to  demonstrate  a  virus  w'ere  un¬ 
successful.  Furthermore,  Belt^^  found  intranuclear  inclusions  resembling 
those  of  yellow  fever  in  liver  cells  in  cases  of  liver  necrosis  following 
severe  burns. 

From  the  examples  which  have  been  cited  it  seems  clear  that  the 
presence  of  intranuclear  inclusions  alone  should  not  be  accepted  as 
proof  of  virus  action.  Whether  any  of  the  nuclear  inclusions  caused 
by  viruses  represent  actual  accumulations  of  virus  particles  is  disputable. 
In  justification  of  those  who  favour  the  view  that  certain  of  the  in¬ 
clusions  consist  of  elementary  bodies  embedded  in  an  acidophil  matrix 
(Markham^®®)  it  is  pertinent  to  recall  that  intranuclear  accumulations 
of  Dermacentroxenus  rickeftsi  occasionally  appear  identical  with  intra¬ 
nuclear  virus  bodies. 
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(v)  Viruses  and  Nucleic  Acid  Metabolism.  Nucleo-proteins  have  been 
found  to  be  the  main  constituent  of  both  plant  and  animal  viruses.  The 
plant  viruses  and  the  smaller  animal  viruses,  e.g.  poliomyelitis  and  loup- 
ing  ill,  are  composed  of  ribose-nucleotides.  The  larger  animal  viruses, 
such  as  vaccinia,  molluscum  contagiosum,  and  rabies,  contain  desoxyri- 
bose  nucleic  acid.  Caspersson^®'^?  ^^d  his  collaborators  have  shown  that 
the  building  up  of  protein  molecules  by  cells  necessitates  the  presence 
of  nucleic  acids.  Those  of  the  desoxyribose  type  are  necessary  for  the 
reproduction  of  the  gene  proteins.  Oxyribose  nucleic  acid  occurs  in  the 
nucleolus  and  in  the  cytoplasm,  where  it  is  concerned  with  the  formation 
of  the  cytoplasmic  proteins.  Hyden^®®  considers  that  viruses  are  to  be 
regarded  as  ‘self-reproducing  units  which  act  as  parasites  upon  the 
nucleo-protein -forming  parts  of  the  host  cells’.  The  various  viruses 
attack  different  parts  of  the  intracellular  mechanisms  for  protein  syn¬ 
thesis.  Thus  poliomyelitis  and  looping  ill  attack  the  heterochromatic 
parts  of  the  nucleus.  Rabies,  neurovaccinia,  and  verruca  attack  the 
nucleolar  stage  in  nucleo-protein  formation,  while  the  molluscum  virus 
is  parasitic  upon  the  cytoplasmic  protein -forming  system.  In  each  case 
the  virus  exploits  some  stage  of  nucleo-protein  formation  in  the  host  ceU 
in  order  to  obtain  material  for  its  own  growth. 


V.  Cytology  of  Cancer 

a.  Malignant  Growth 

Malignant  cells  are  characterized  by  their  capacity  for  unlimited  un¬ 
controlled  proliferation.  Cells  of  any  of  the  tissues  of  the  body  may 
become  malignant  and  form  a  cellular  mass,  which  invades  the  surround¬ 
ing  tissues.  Small  clusters  of  cells  may  be  swept  away  in  blood-vessels 
or  lymphatics  and  give  rise  to  secondary  growths,  or  metastases,  on 
becoming  lodged  in  other  organs.  Thus  cancerous  growths  of  the  skin 
of  mice  induced  by  painting  with  tar  or  carcinogenic  hydrocarbons 
frequently  metastasize  in  the  axilliary  lymph  nodes  and  lungs.  A  malig¬ 
nant  growth  originating  in  pigment  cells  of  the  human  eye  (melanotic 
sarcoma)  may  become  so  dispersed  that  most  of  the  organs  ultimately 
contain  secondary  growths,  if  the  patient  survives  long  enough. 

Malignant  growths  derived  from  epithelial  cells  are  known  as  carcino¬ 
mata,  and  those  arising  from  connective  tissue  cells  as  sarcomata.  When 
grown  as  tissue  cultures  a  typical  carcinoma  forms  a  sheet  of  closelv 
a  herent  cells  (Plate  2,  Fig.  1),  while  a  typical  sarcoma  tends  to  grow 
as  a  cluster  of  spindle-shaped  cells  (Plate  2,  Fig.  2) ;  but  there  are  many 
exceptions  to  this  generalization.  ^ 

b.  Aetiology  of  Malignant  Growths 

The  results  of  experimental  cancer  research  to  date  justify  the  classifi- 
cation  of  malignant  growths  into  three  classes,  viz.  (i)  filterable  tnmours; 

D  d 
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(ii)  tumours  in  the  aetiology  of  which  a  virus  or  virus-like  agent  is  in¬ 
volved,  and  (iii)  tumours  originating  in  the  absence  of  a  demonstrable 
virus  or  virus-like  agent.  It  must  be  emphasized  that  such  a  classifica¬ 
tion  is  a  tentative  one. 

(i)  Filterable  tumours.  A  filterable  tumour,  on  crushing  to  a  pulp 
and  mixing  with  saline,  yields  by  Berkefeld-filtration  a  cell-free  filtrate, 
which  after  injection  into  an  animal  of  the  same  species  reproduces  the 
same  type  of  progressively  growing  tumour  as  that  from  which  the 
extract  w^as  prepared.  Filterable  tumours  can  also  be  transmitted  by 
desiccated  tissues,  and  by  fragments  of  tumour  preserved  in  50  per  cent, 
glycerine,  as  well  as  by  cellular  grafts. 

Rous^®®  was  the  first  to  demonstrate  that  malignant  growths  could 
be  transmitted  by  cell-free  filtrates.  He  w^orked  with  five  filterable 
sarcomata  of  fowls  of  different  histological  types,  and  subsequently 
many  others  have  been  discovered  (Foulds^®).  The  potency  of  filtrates 
prepared  from  these  tumours  varies  from  time  to  time.  Thus  Gye 
and  Andrewes®®  reported  that  for  a  period  of  6  months  the  Rous 
sarcoma  No.  1  failed  to  yield  active  filtrates,  but  did  so  spontaneously 
at  the  end  of  that  period.  The  properties  of  the  active  agents  contained 
in  filtrates  are  essentially  similar  to  those  of  viruses  in  general,  so  that 
they  are  usually  known  as  tumour  viruses.  We  are  completely  ignorant 
as  to  the  means  whereby  these  or  other  viruses  stimulate  cell  prolifera¬ 
tion.  With  regard  to  the  tumour  viruses  tw^o  possibilities  have  been 
suggested.  Either  the  virus  alters  a  normal  cell  in  some  way  so  as  to 
induce  a  kind  of  mutation  and  then  merely  proliferates  as  a  passive 
passenger  in  the  presence  of  the  actively  grow  ing  malignant  cells,  or  the 
virus  becomes  intimately  linked  with  the  cellular  mechanism  so  as  to 
form  some  sort  of  cell-virus  complex,  wdiich  is  the  cause  of  malignant 
growTh.  Unequivocal  evidence  as  to  which  is  the  correct  explanation 
is  lacking,  but  from  what  is  known  of  other  viruses  and  their  relation 
to  cells  the  latter  seems  the  more  feasible  interpretation.  Of  all  the 
known  viruses,  the  tumour  viruses  exhibit  the  highest  degree  of  .cellular 
specificity  and  adaptation  to  their  cellular  hosts  (Ludford^^^). 

Acidophil  intranuclear  inclusions  similar  to  those  characteristic  of 
other  virus  diseases  have  been  described  by  Lucke^^®  in  cells  of  a  filter¬ 
able  tumour  of  the  frog  kidney,  discovered  by  him.  From  his  figures 
they  appear  to  conform  to  the  specifications  of  Cow'dry  s  type  A  in¬ 
clusions.  Somew'hat  similar  intranuclear  inclusions  have  been  described 
by  Turevich227  in  Fischer’s  filterable  fowl  sarcoma,  which  is  indistin¬ 
guishable  from  the  Rous  sarcoma  No.  1.  The  cells  of  the  latter 
have  been  studied  in  tissue  cultures  by  Tenenbaum  and  Doljanski 
They  observed  the  aggregation  of  oxyphilic  granular  material  in  the 
central  part  of  nuclei  suggestive  of  Cowdry’s  type  A  inclusions,  and  also 
intranuclear  spherical  bodies  resembling  his  type  B  inclusions.  lere 
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was  very  wide  fluctuation  in  the  size  of  the  cells.  The  smallest  were 
approximately  5fx  in  diameter  and  the  largest  almost  500  fx.  The  cyto¬ 
plasm  tended  to  undergo  segregation  into  two  clearly  defined  zones,  a 
central  body  surrounded  by  peripheral  protoplasm  containing  basophil 
granules,  and  thread-like  structures.  Frequently  there  were  also  cyto¬ 
plasmic  accumulations  of  a  granular  eosinophilic  material.  Altogether 
the  cytological  features  w'ere  described  as  ‘constituting  a  remarkable 
morbid  picture,  a  distinctive  syndrome  of  a  severe  cell  disease’. 

By  electron  microscopy,  Claude,  Porter,  and  Pickles^®  have  demon¬ 
strated,  in  cells  of  two  filterable  fowl  sarcomata,  minute  bodies  of  the 
same  size  as  that  estimated  for  the  virus  particles  of  these  tumours  by 
other  methods  (700  A-850  A).  Such  particles  were  not  found  in  normal 
fibroblasts  or  macrophages. 

That  the  action  of  the  virus  in  these  cells  is  first  to  stimulate  prolifera¬ 
tion  and  then  ultimately  to  induce  progressive  degenerative  changes  is 
confirmed  by  Tenenbaum’s^^^  work  with  tissue  cultures  of  pure  strains 
of  the  mahgnant  cells.  All  attempts  to  maintain  growth  beyond  6  months 
failed.  None  of  several  strains  of  the  tumour  could  be  cultivated  for 
more  than  40  to  50  passages.  However,  Fischer®®  had  previously  grown 
the  same  tumour  in  intro  for  2|  years,  but  he  added  fragments  of  tissue 
to  his  cultures  from  time  to  time,  which  presumably  provided  fresh 
fibroblasts  for  infection  by  the  virus.  Ludford^®®  has  shown,  and  Halber- 
staedter  and  Doljanski®^  confirmed,  that  chick  fibroblasts  growing  in 
tissue  cultures  can  be  infected  with  the  virus  of  the  Rous  sarcoma  which 
transforms  them  into  malignant  cells. 

(ii)  Tumours  in  the  aetiology  of  which  a  virus  or  virus-like  agent  is 
involved.  Shope^i®  discovered  that  a  virus  was  responsible  for  inducing 
wart-hke  growths — papillomata  in  cotton-tail  rabbits.  The  virus  could 
be  transmitted  to  domestic  rabbits,  in  which  papillomata  were  formed 
that  became  malignant  and  gave  rise  to  secondary  growths  in  lymph 
nodes  and  lungs  (Rous  and  Beard^®®).  Later,  Rous  and  Hidden  showed 
that  if  tar  was  applied  to  the  skin  of  rabbits  so  as  to  induce  a  local  over- 
powth  of  the  epidermis  (hyperplasia)  and  the  Shope  virus  was  then 
injected  intravenously,  malignant  growths  very  soon  developed  at  the 
site  of  the  skin  lesions.  In  the  presence  of  methylcholanthrene  papillo¬ 
mata  became  malignant  within  a  few  weeks  (Rous  and  Friedewald^'^’^io) 
It  was  not  possible  to  extract  the  virus  from  any  of  the  carcinomata 
Indirect  evidence  was,  however,  obtained,  by  means  of  serological  and 
immunological  tests,  that  the  papilloma  virus  persisted  in  an  altered 
form  in  the  cells  of  two  transplanted  carcinomata  that  had  originated  in 
virus-induced  papillomata.  Most  surprising  are  the  recent  findings  of 
Smith  Kidd,  and  Rous^i?,  that  having  persisted  in  transplanted  cancer 
cells  for  more  than  5  years  and  throughout  the  first  25  successive 
tumor  generations,  the  antigenic  virus  has  now,  after  a  further  interval 
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of  5  years,  disappeared  from  them;  or  at  any  rate  it  is  no  longer  dis¬ 
closed  in  them  by  serological  experiments  of  the  sort  that  regularly 
accomplished  this  before’  (Kidd^®^).  The  most  obvious  conclusion  is  that 
the  maintenance  of  malignant  growth  is  not  dependent  upon  the  con¬ 
tinued  presence  of  the  virus,  whatever  part  it  might  have  played  in  the 
initiation  of  mahgnancy. 

Considerable  impetus  was  given  to  the  search  for  viruses  in  mamma¬ 
lian  cancers  by  Bittner’s  discovery  that  a  virus-like  agent  was  re¬ 
sponsible  for  inducing  breast  cancer  in  high-cancer-strain  mice.  He 
showed  by  foster-nursing  experiments  (i.e.  by  transferring  newly-born 
litters  of  high -cancer-strain  mice  to  low-cancer-strain  mothers,  and  the 
litters  of  the  latter  to  high-cancer-strain  mothers)  that  the  incidence 
of  breast  cancer  could  be  greatly  reduced  in  high-cancer-strain  mice 
and  raised  in  those  of  the  low-cancer-strain.  The  altered  cancer  inci¬ 
dence  persisted  in  the  progeny  of  the  fostered  mice  (Bittner^^).  For  the 
development  of  what  Bittner  called  the  ‘inherited  type  of  breast  cancer’ 
three  factors  were  postulated:  ‘(a)  an  active  influence  in  the  milk  which 
is  transferred  to  the  young  while  nursing,  (6)  an  inherited  susceptibihty, 
and  (c)  the  growth  of  the  mammary  glands  resulting  from  hormonal 
stimulation  which  will  permit  the  cancerous  change’  (Bittner^®).  Further 
investigations  showed  that  the  ‘active  influence’  was  present  in  the 
spleen,  thymus,  lactating  mammary  tissue,  blood,  and  breast  tumours 
of  cancerous  strains.  Recently  Andervont^  has  reported  its  presence  in 
the  seminal  vesicles.  The  active  agent  was  found  to  pass  through  Berke- 
feld  filters,  to  be  particulate,  and  to  survive  desiccation.  It  is  referred 
to  in  the  literature  variously  as  the  milk  influence,  milk  virus,  mammary- 
tumour  agent,  or  breast  cancer  virus.  Its  action  is  limited  to  the  induc¬ 
tion  of  mammary  cancer  in  mice.  Certain  strains  of  mice  are  very 
resistant  to  the  agent,  which  they  appear  to  inactivate. 

The  mammary-tumour  agent  of  any  one  strain  of  mice  induces  breast 
cancers  of  varying  histological  types  and  rates  of  growth.  The  writer 
has  grown  many  of  these  tumours  in  tissue  cultures,  and  has  been  im¬ 
pressed  by  the  similarity  of  the  cells  of  the  majority  of  them.  By  their 
nuclear  characters  it  is  not  usually  possible  to  distinguish  them  from 
mammary-gland  cells  grown  from  non-cancerous  strains  of  mice.  The 
polymorphism  so  often  exhibited  by  cells  of  tumours  induced  by  chemical 
carcinogens  has  not  been  observed.  By  electron  microscopy.  Porter  and 
Thompson!^®  have  demonstrated  in  the  cytoplasm  of  mammary-tumour 
cells  of  high -cancer-strain  mice  characteristic  granules,  with  a  central 
core  approximately  the  same  size  as  the  virus-hke  particles  observed  in 
cells  of  the  filterable  fowl  tumours  (750  A),  although  a  less  dense  peri¬ 
pheral  zone  around  each  particle  increases  the  average  diameter  to 
about  1,300  A.  Also,  by  employing  the  electron  microscope,  Passey, 
Dmochowski,  Astbury,  and  Reed^®^  have  demonstrated  that  extracts  of 
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breast  tumours  and  normal  tissues  of  high -cancer-strain  mice,  as  well 
as  their  milk,  consistently  contain  spherical  particles  about  200-250  A 
in  diameter,  which  are  absent  from  low-cancer-strain  tissues  and  tumours 
of  low-cancer  strains,  or  at  least  are  represented  only  by  an  occasional 
particle.  Passey^^^  has  pointed  out  that  it  has  not  yet  been  established 
if  these  particles  are  identical  with  the  mammary-tumour  agent. 

The  fundamental  problem  presented  by  the  mammary -tumour  agent 
is  whether  it  persists  in  the  cancer  cells  and  is  responsible  for  their 
mahgnancy,  or  whether  it  acts  like  a  chemical  carcinogen,  bringing  about 
some  change  in  the  intracellular  mechanism,  after  which  its  presence  is 
no  longer  necessary  for  the  continuation  of  cancerous  growth.  The  work 
carried  out  with  the  Shope  papilloma  virus  has  already  demonstrated 
that  a  virus  responsible  for  the  induction  of  malignancy  may  persist  for 
years  in  the  cancer  cells,  apparently  as  a  passive  passenger,  and  then 
finally  disappear  without  detriment  to  their  proliferative  capacity. 

(hi)  Tumours  in  the  aetiology  of  which  no  virus  or  virus-like  agent  has 
yet  been  discovered.  Bittner^^  has  pointed  out  that  mammary  cancer 
occasionally  occurs  in  mice  of  low-breast-cancer  strains,  presumably 
without  the  participation  of  the  mammary-tumour  agent.  Attempts 
to  demonstrate  its  presence  in  tumours  which  arose  spontaneously  in 
low-cancer-strain  mice  have  been  unsuccessful  (Ludfordi^s).  Further, 
it  could  not  be  detected  by  the  present  experimental  procedures  in  a 
mammary  tumour  which  has  been  transplanted  in  hybrid  mice  for  more 
than  40  years  (Dmochowskii^i;  Ludfordiss).  Then,  strains  of  hybrid 
mice  have  been  bred  by  Andervont^  with  the  specific  aim  of  eliminating 
the  mammary-tumour  agent,  yet  cases  of  breast  cancer  still  occurred. 
Also,  a  very  high  incidence  of  breast  cancer  has  been  observed  by  Orr^®i 
in  low-breast-cancer  strains  of  mice  treated  with  methylcholanthrene. 

Andervont’s^  experiments  have  demonstrated  that  there  is  ‘a  paral- 
lel^m  between  an  inherited  tendency  to  mammary-tumor  development 
and  susceptibility  to  the  mammary-tumor  agent’.  He  adds  that  ‘if 
those  strains  of  inbred  mice  possessing  an  inherited  predisposition  to 
the  development  of  mammary  tumors  are  also  susceptible  to  the 
m^ammary-tumor  agent,  then  the  role  of  the  agent  in  the  production 
o  tumors  could  be  that  of  an  accelerator  which  markedly  increases 
the  incidence  of  tumors  within  the  life  span  of  the  mice’.  In  this 
respect  the  agent  would  play  a  similar  role  to  that  of  chemical 

induction  of  lung  tumours.  Thus  Heston*^  has  re- 
ported  the  incidence  of  spontaneous  lung  tumours  in  a  strain  of  Strong’s 
A  mice  of  53  per  cent,  at  12  months,  and  Andervont^  has  shown  that 

6  wiksTv''  r"  “  practically  all  mice  of  this  strain  within 

6  weeks  by  intravenous  injections  of  dibenzanthracene 

Experimental  cancer  research  has  revealed  a  variety  of  means  of 

ducing  malignancy,  which  include  cysticercus  larvae  aniline,  tar! 
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numerous  hydrocarbons,  dyestuffs,  ultraviolet  radiations,  radioactive 
substances.  X-rays,  and  radium.  Apart  from  their  capacity  to  induce 
malignancy,  these  agents  have  one  cytologicaPaction  in  common.  They 
are  all  capable  of  bringing  about  aberrations  of  mitosis.  Since  ultra¬ 
violet  and  X-radiations,  and  certain  carcinogenic  hydrocarbons  have 
also  induced  mutations  in  germ  cells,  it  has  been  suggested  that  these, 
as  well  as  the  other  carcinogenic  agents,  induce  mutations  in  somatic 
cells,  and  that  malignant  cells  are  one  of  the  types  of  mutations  pro¬ 
duced.  The  normal  chromosome  number  is  not  uncommon  in  malignant 
cells,  so  it  is  postulated  that  cancer-producing  mutations  would  be 
of  the  type  involving  changes  in  the  distinctive  gene  material,  which 
is  probably  of  a  protein  nature.  More  recently  it  has  been  suggested 
that  aberrant  forms  of  plasmagenes  (the  hypothetical  cytoplasmic 
genes)  may  be  responsible  for  malignancy  (Darlington^’ ;  Haddow®®). 
Such  conceptions  of  the  mechanism  of  maUgnancy  afford  an  explana¬ 
tion  of  the  retention  of  specific  cytological  characters  of  different 
strains  of  transplantable  tumours,  which  experience  indicates  may  be 
retained  indefinitely.  Attention  has  frequently  been  drawn  to  the  simi¬ 
larities  between  viruses  and  genes  (Astbury®;  Gowen®^),  and  it  is  not 
impossible  that  the  intimate  union  of  tumour  viruses  with  cells  might 
bring  about  disturbances  of  cellular  metabohsm  similar  to  those  in¬ 
duced  by  gene  mutations. 

While  it  is  conceivable,  but  unproved,  that  all  tumours  might  have 
a  common  virus  aetiology,  there  is  justification  on  general  biological 
grounds  for  beheving  that  the  aberration  of  cellular  functioning  which 
is  responsible  for  malignancy  might  be  brought  about  either  by  the 
addition  of  an  extrinsic  agent  or  by  some  permanent  alteration  in  the 
intracellular  mechanism  which  is  transmissible  at  mitosis.  Many  ex¬ 
amples  could  be  cited  of  the  same  cytological  effect  being  induced  by 
both  biological  and  chemical  agents.  Normally,  segmentation  of  the 
ovum  is  initiated  by  the  sperm,  but  the  numerous  researches  on  partheno¬ 
genesis  have  demonstrated  by  what  a  variety  of  different  methods  the 
same  result  can  be  attained,  even  in  the  higher  mammals.  Specially 
significant  in  this  respect  are  the  similar  cytological  effects  induced  by 
viruses  and  chemicals.  We  have  referred  previously  to  the  formation 
of  acidophil  intranuclear  inclusions  associated  with  virus  diseases,  such 
as  those  of  yellow  fever  and  herpes,  and  the  production  of  identical 
bodies  by  Olitsky  and  Harford^^^,  when  no  virus  could  be  detected. 
The  inclusions  produced  by  chemical  agents  gave  the  same  histo- 
chemical  reactions  as  those  resulting  from  virus  action. 

c.  Differences  betu^een  Malignant  and  Embryonic  Cells 

Although  no  specific  morphological  criterion  of  malignant  cells  has 
yet  been  discovered,  it  is  erroneous  to  conclude  that  there  are  no 
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cytological  differences  between  malignant  cells  and  their  non-malig- 
nant  prototypes.  Cancer  cells  are  not  simply  cells  which  have  acquired 
rapidity  of  growth.  They  are  specifically  altered  cells.  The  transplanta¬ 
tion  of  tumours  has  demonstrated  that  the  specific  cytological  characters 
of  tumours  may  be  retained  over  prolonged  periods  of  time.  Some 
strains  of  transplantable  tumours  have  been  propagated  for  more  than 
40  years,  and  during  that  time  retained  unaltered  their  characteristic 
features — general  rate  of  growth,  degree  of  differentiation,  and  morpho¬ 
logical  structure.  Further,  these  are  retained  just  the  same  whether  the 
tumours  are  propagated  by  transplantation  in  animals  or  grown  as 
tissue  cultures.  The  growth  of  normal  and  malignant  tissues  in  cultures 
for  long  periods  has  demonstrated  most  definitely  the  essential  difference 
between  rapidly  growing  normal  cells  and  malignant  ones.  Chick  fibro¬ 
blasts  after  cultivation  in  vitro  for  a  period  far  in  excess  of  the  normal 
life-span  of  fowls  cease  to  grow  on  inoculation  into  chicks  (Carrel  and 
Ebeling^-),  while  cultures  of  the  Ehrlich  mouse  carcinoma,  after  twelve 
years’  cultivation  in  vitro,  when  inoculated  into  mice  continued  to  grow 
and  form  tumours  of  the  same  type  as  that  from  which  they  were 
originally  explanted  (Fischer  and  Davidsohn^®). 

d.  Variations  in  Structure  and  Functional  Activity  of  Malignant  Cells 

Malignant  cells  often  exhibit  a  high  degree  of  dedifferentiation.  In 
general,  the  more  differentiated  the  cells  the  slower  is  their  rate  of 
growth.  There  are  strains  of  transplantable  tumours  of  the  mammary 
gland  the  cells  of  which  exhibit  secretor}^  activity,  and  others  in  which 
it  has  never  been  observed.  Melanotic  sarcoma  cells  elaborate  pigment, 
and  while  some  sarcomata  induce  considerable  fibril  formation,  others 
do  not.  Malignant  liver  cells  may  excrete  bile,  and  various  tumours 
of  the  endocrine  glands  have  been  reported,  the  cells  of  which  secrete 
to  varying  extents  their  specific  hormones.  Such  cases  render  it  im¬ 
probable  that  cellular  dedifferentiation  can  be  an  essential  factor  in 
carcinogenesis,  as  some  have  maintained. 

Malignant  cells  exhibit  the  widest  range  of  morphological  abnormali¬ 
ties.  Amongst  cells  of  the  same  tumour  there  is  frequently  a  consider¬ 
able  variation  in  size,  as  is  shown  in  Text-fig.  30,  which  represents  two 
cells  from  a  melanotic  sarcoma  of  the  horse.  Enlargement  of  cells  is 
accompanied  by  increase  in  number  of  mitochondria,  and  the  Golgi 
bodies  become  larger  and  more  numerous.  The  polarized  disposition  of 
the  cytoplasmic  organs  characteristic  of  so  many  normal  cells  is  usually 
retained  by  malignant  cells  adjacent  to  well-formed  stromata,  but  in 
the  absence  of  the  latter  polarity  is  invariably  lost  (Ludford^^Lm) 

The  structure  of  the  Golgi  apparatus  of  malignant  cells  corresponds 
to  that  of  their  prototypes  or  to  stages  in  their  dedifferentiation  (Lud- 
fordi34).  The  specific  secretions  of  malignant  gland  cells  are  formed  in 
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Text-figs.  30-2.  Variation  in  size,  and  examples  of  functional  activity 

in  malignant  cells. 

Fig.  30.  Small  cell  and  a  greatly  hypertrophied  cell  from  a  melanotic  sarcoma  of  the  horse. 
P,  intranuclear  pigment  granules.  After  Ludford'®*.  Fig.  31.  ]\Iouse  mammary  carcinoma 
cell,  showing  relation  between  Golgi  bodies  and  secretion.  After  Ludford***.  h'ig.  32. 
Human  mammary  carcinoma  cells,  showing  relation  between  Golgi  bodies  and  milk. 

Original.  GA,  Golgi  apparatus;  M,  mitochondria;  S,  secretion. 


relationship  with  the  Golgi  apparatus  in  the  same  manner  as  has  been 
described  in  most  glands.  Text-fig.  32  illustrates  the  formation  of  milk 
in  human  mammary  carcinoma  cells,  and  Text-fig.  31  abortive  secretory 
activity  in  a  mouse  mammary  carcinoma. 

Areas  of  necrosis  are  common  in  tumours  and  seem  to  result  from 
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deficiencies  in  their  blood-supply.  Consequently,  the  cells  of  tumours 
exhibit  all  kinds  of  degenerative  changes.  Hypertrophied  nuclei  may 
become  extensively  lobed,  and  nuclear  budding  and  fragmentation  are 
common.  Cell  fusion  (plasmogamy)  results  in  syncytial  masses  being 
formed.  Nuclear  and  cytoplasmic  organs  exhibit  the  regressive  changes 
which  were  described  at  the  beginning  of  this  chapter. 

A  new  impetus  has  been  given  to  the  study  of  living  malignant  cells 
by  the  advent  of  the  phase-contrast  microscope.  The  great  advantage 
of  this  technique  is  that  it  enables  both  nuclear  and  cytoplasmic  struc¬ 
tures  to  be  studied  at  the  same  time  in  the  living  condition.  The  figure 
of  Plate  3  depicts  a  cell  of  a  rapidly  growing  mouse  sarcoma.  The 
nucleus  is  lobed  and  contains  several  nucleoli  with  ‘nucleolar-associated 
chromatin’  (Caspersson^^),  as  w^ell  as  numerous  other  particles  of  chro¬ 
matin,  which  are  stainable  by  the  Feulgen  technique.  Amongst  the 
many  mitochondria  and  other  granules  accumulated  at  the  side  of  the 
nucleus  can  be  distinguished  a  canalicular  system  which  corresponds  to 
the  Golgi  network  as  demonstrable  by  osmic  and  silver-impregnation 
techniques.  Cytological  studies  of  living  malignant  cells  by  phase-con¬ 
trast  microscopy  which  have  been  made  by  Albertini^’^,  Zollinger^^®’^^®, 
and  Ludford,  Smiles,  and  Welch^®^  confirm  for  the  most  part  the  validity 
of  the  older  work  carried  out  by  the  classical  techniques  of  fixation  and 
staining. 

e.  Mitotic  Abnormalities  of  Malignant  Cells 

Since  the  early  studies  of  Pianese  and  von  Hansemann  the  mitotic 
aberrations  of  malignant  cells  have  received  considerable  attention. 
Although  most  of  the  abnormalities  which  have  been  reported  in  malig¬ 
nant  cells  have  been  produced  experimentally  in  non-malignant  cells, 
3’^et  the  occurrence  of  so  many  in  cancerous  tissues  is  a  distinctive 
feature  (Ludford^^®*^^^).  An  experienced  cytologist  would  have  no  diffi¬ 
culty  in  distinguishing  between  a  tissue  culture  of  actively  growing 
embryonic  cells  and  one  of  malignant  cells  on  this  basis  alone.  Almost 
all  the  types  of  mitotic  abnormalities  conceivable  are  met  with  in 
malignant  cells  (Plate  4).  There  is  great  variation  in  the  numbers  of 
the  chromosomes,  and  the  latter  vary  in  shape  from  small  coccoid 
bodies  to  long  filaments;  sometimes  they  are  fragmented.  The  spindle 
is  often  multipolar,  but  occasionally  absent  altogether  (Ludford^^s). 
The  chromosomes  may  fail  to  form  a  complete  metaphase  plate,  and 
often  some  remain  apart  without  attachment  to  the  spindle.  Unequal 
distribution  of  chromosomes  to  daughter-cells  results  from  delayed 
separation  of  chromatids,  or  failure  of  some  to  separate  at  all.  Then 
nuclear  division  is  not  always  followed  by  cytoplasmic  division.  The 
occurence  of  abnormal  mitoses  is  more  frequent  in  some  tumours  than 
111  others.  The  fact  that  the  abnormalities  are  retained  during  growth 
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in  vitro  implies  that  they  are  an  inherent  property  of  malignant  cells 
and  not  the  result  of  the  actions  of  toxic  metabolities  accumulated  in 
vivo  owing  to  the  deficient  vascularity  of  tumours,  as  was  at  one  time 
suggested.  It  would  be  extremely  interesting  to  know  whether  any 
malignant  growths  occur  without  atypical  mitoses  of  any  kind. 

The  mitotic  aberrations  of  malignant  cells  have  been  attributed  to 
alterations  in  the  colloidal  state  of  the  protoplasm  of  malignant  cells 
(Ludford^^'*;  Powelpoo)^  and  to  a  quantitative  change  in  their  nucleic 
acid  synthesis  (Koller^®®).  Biesele^^  has  drawn  attention  to  the  wide¬ 
spread  occurrence  in  tumours  of  polytene  chromosomes.  They  are 
beheved  to  result  from  the  centromere  lagging  behind  the  chromonema 
in  growth  and  division  during  endomitosis.  The  larger  volume  of  nucleo¬ 
lar  material  in  cancer  cells  is  presumably  the  outcome  of  an  increased 
number  of  nucleolar  organizers  owing  to  the  polytene  condition  of  the 
chromosomes. 

/.  Differences  in  the  Cytoplasm  of  Normal  and  Malignant  Cells 

That  the  cytoplasm  of  sarcoma  cells  differs  morphologically  from  that 
of  fibroblasts  has  been  reported  by  Lewis  and  Gey^^a^  Lewis^^b  Carrel 
and  Ebeling^^’^^,  and  Ludford^^®.  A  comprehensive  study  of  the  living 
cells  of  numerous  sarcomata  was  made  by  Lewis^^^.  He  says: 

Each  type  of  malignant  ceU  usually  has  one  or  more  characteristics  which 
differentiate  them  from  normal  ones.  Some  of  the  common  differences  which 
distinguish  the  malignant  cells  are  increase  in  size  of  cell  and  nucleus,  increase 
in  density  of  cytoplasm,  increase  in  number  and  decrease  in  size  of  the  mito¬ 
chondria,  increase  in  the  amount  of  nucleolar  material,  increase  in  thickness 
of  the  nuclear  membrane  and  the  granular  condition  of  the  nucleoplasm. 

Differences  between  the  cydoplasm  and  nucleoplasm  of  fibroblasts  and 
sarcoma  cells  are  clearly  seen  by  examining  living  cells  by  dark -ground 
illumination.  These  are  illustrated  in  Plate  5,  which  shows  a  typical 
fibroblast  (Fig.  1)  and  cells  of  the  Jensen  rat  sarcoma  (Figs.  2  and  4), 
and  of  the  Crocker  sarcoma  (Fig.  3).  The  more  granular  nature  of  the 
cytoplasm  of  the  sarcoma  cells  is  obvious. 

Although  Chambers  and  Ludford^®*^^  were  unable  to  detect  any 
differences  in  the  viscosity  of  normal  and  malignant  cells  by  the  nii- 
crurgical  technique,  or  in  the  intracellular  hydrogen  ion  concentration 
by  the  injection  of  colour  indicators,  the  behaviour  of  tumour  cells  in 
vitro  suggests  that  the  colloidal  state  of  their  cytoplasm  differs  in  some 
way  from  that  of  normal  cells  (Ludford^'*®'^^^).  Fibroblasts  are  able  to 
grow'  and  spread  out  on  a  glass  surface  in  a  fluid  culture  medium  such 
as  serum.  Many  strains  of  tumours  are  quite  unable  to  do  so  under 
normal  conditions  of  growth  in  vitro]  but  there  is  much  variation  in  the 
behaviour  of  the  cells  of  different  strains  of  tumours  in  this  respect 
(Ludford^^®).  The  rounding-up  of  cells  of  mouse  sarcoma  No.  37  in 
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serum,  and  their  spreading-out  in  a  plasma  clot  is  illustrated  in  Plate  6. 
Fig.  1  is  enlarged  one-and-a-half  times  more  than  Fig.  2.  Similar 
differences  in  behaviour  have  been  reported  between  epithelial  cells  and 
carcinoma  cells. 

Probably  related  to  a  difference  in  the  ultrastructure  of  their  cyto¬ 
plasm  is  the  inability  of  malignant  cells  to  segregate  acid  vital  dyestuffs 
such  as  trypan  red  and  trypan  blue  in  the  same  manner  as  their  normal 
prototypes.  Fibroblasts  segregate  these  dyes  as  granules  in  association 
with  vacuoles.  No  sarcoma  has  yet  been  found  the  cells  of  which 
segregate  these  dyes  in  vivo  as  do  fibroblasts  (Ludford^^®;  houlds^^). 
This  is  the  more  remarkable  since  Duran-Reynals®^  has  pointed  out  that 
an  abnormal  amount  of  dyestuff  collects  in  tumours  in  vivo.  In  tissue 
cultures,  probably  owing  to  the  altered  condition  of  cells  spread  out  in 
plasma  clots,  some  segregation  of  acid  vital  dyes  by  sarcoma  cells 
occasionally  occurs;  but  there  is  a  clear  difference  in  the  manner  in 
which  the  dyestuff  is  segregated  by  such  cells  and  normal  fibroblasts. 
While  milk  in  secreting  mammary-gland  cells  is  stained  by  trypan  blue, 
and  the  same  cells  when  not  engaged  in  secretory  activity  segregate 
the  dyestuff  in  granular  form,  malignant  mammary-gland  cells  take  up 
very  little  or  no  dyestuff,  whether  they  be  of  the  differentiated  secretory 
type  or  have  lost  all  secretory  capacity  (Ludford^^^). 

It  is  not  known  whether  the  failure  of  malignant  cells  to  segregate 
acid  vital  dyes  like  their  normal  prototypes  is  the  result  of  some 
difference  in  the  ultrastructure  of  their  cytoplasm  preventing  the  actual 
segregation  of  the  dyestuff  in  granular  form  from  its  semi-colloidal 
solution,  or  whether  it  results  from  a  less  permeable  plasma  membrane. 
Lipoid  soluble  basic  dyestuff  and  coloured  compounds  of  the  Sudan  III 
type  readily  penetrate  living  malignant  cells  and,  in  the  case  of  the 
former,  colour  cytoplasmic  vacuoles,  while  the  latter  stain  fat  droplets 
(Ludford^^i);  but  these  are  cases  of  the  staining  of  preformed  structures 
and  differ  essentially  from  the  segregation  of  dyestuffs  as  granules 
which  are  new  cytoplasmic  formations  containing  a  protein  constituent 
(Chlopin^^).  Further  investigations  on  the  colloidal  state  of  the  proto¬ 
plasm  of  malignant  cells  are  required  to  elucidate  the  significance  of 
the  observations  which  have  been  recorded. 

g.  N ucleotides  of  Malignant  Cells 

Caspersson  work  has  led  him  to  the  conclusion  that  the  cell 
nucleus  is  the  centre  of  protein  metabolism,  and  that  nucleic  acids  are 
essential  for  all  intracellular  protein  synthesis.  In  malignant  cells, 
according  to  Caspersson  and  Santesson^®  the  heterochromatin  system  is 
stimulated  to  abnormal  activity.  This  results  in  disturbances  in  the 
formation  of  cytoplasmic  proteins  and  in  the  reproduction  of  the  gene 
pioteins,  and  so  leads  to  abnormal  growth.  It  is  suggested  that  carcino- 
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genic  agents  act  by  stimulating  the  heterochromatin  system  of  groups 
of  cells.  The  most  actively  growing  malignant  cells  in  the  best  vascu¬ 
larized  parts  of  tumours  are  characterized  by  a  normal-sized  nucleus, 
particularly  rich  in  desoxyribose  nucleotides,  and  have  large  nucleoli! 
The  ratio  of  nuclear  to  cytoplasmic  volumes  is  above  the  average,  and 
the  cytoplasm  contains  large  quantities  of  ribose  nucleotides.  There  are 
transitional  stages  between  such  cells  and  others  with  larger  nuclei  poor 
in  desox3rribose  nucleotides,  but  with  larger  nucleoli  containing  con¬ 
siderable  amounts  of  ribose  nucleotides,  which  are  absent  from  their 
C3rtoplasm.  Poor  nutrition  is  considered  to  be  responsible  for  bringing 
about  this  cellular  condition. 

Caspersson’s  and  Santesson’s  studies  of  malignant  cells  were  based  on 
ultraviolet  micrographs  of  tumour  tissue,  which  had  either  been  fixed 
in  formalin  or  prepared  according  to  the  Gersh  freezing-drying  method. 
Recently  Ludford,  Smiles,  and  Welch^®^  have  made  a  comparative  study 
of  living  malignant  cells  by  phase-contrast  and  ultraviolet  microscopy. 
They  have  demonstrated  that  it  is  possible  to  obtain  ultraviolet  micro¬ 
graphs  of  living  cancer  cells  by  employing  objectives  computed  for 
working  with  wave-lengths  of  2,570  A  and  2,750  A,  without  appreciable 
injury  to  cell  structures.  With  these  wave-lengths  micrographs  of  a 
rapidly  growing  sarcoma  showed  intense  absorption  by  nuclear  struc¬ 
tures  and  by  the  cytoplasm.  Mitochondria  were  specially  conspicuous. 
They  appear  as  strongly  absorbing  filaments  in  the  cell  depicted  in 
Plate  7.  The  study  of  mitochondrial  behaviour  during  all  phases  of 
growth  suggests  that  they  play  an  important  role  in  cytoplasmic  pro¬ 
tein  synthesis.  Micrographs  of  living  malignant  cells  fail  to  support 
Caspersson’s  ideas  on  the  function  of  the  ‘nucleolar  associated  chro¬ 
matin’.  So  many  dividing  cells  at  late  stages  of  cleavage,  before  the 
reconstitution  of  nucleoli,  exhibit  considerable  cytoplasmic  absorption 
(Plate  8),  and  cells  with  well-defined  nucleoH  with  associated  chromatin 
granules  have  not  revealed  a  more  intense  cytoplasmic  absorption  im¬ 
mediately  around  the  nuclear  membrane.  On  the  contrary,  the  nucleus 
is  often  surrounded  by  a  relatively  clear  area. 

Comparison  of  micrographs  of  fibroblasts  from  connective  tissues  with 
malignant  fibroblasts  of  fast  and  slow  growing  sarcomata  has  revealed  a 
close  correlation  between  the  nucleotide  content  of  the  cells  and  their 
rate  of  growth.  Particularly  striking  is  the  intense  cytoplasmic  absorp¬ 
tion  of  rapidly  growing  sarcoma  cells  compared  with  the  relatively  clear 
cytoplasm  of  ‘resting’  fibroblasts. 

The  possibility  of  studying  living  cells  by  ultraviolet  microscopy  has 
opened  up  a  new  field  for  cytological  investigation.  Specially  interesting 
is  the  observation  that  under  appropriate  conditions  chromosomes  can 
be  distinguished  in  ‘resting’  nuclei  as  attenuated  double  threads  upon 
which  are  disposed  parallel  pairs  of  minute  granules  which  are  not 
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properly  resolved  with  a  wave-length  of  2,570  A.  From  their  size  and 
mode  of  distribution,  these  granules  would  seem  to  represent  genes. 
Thus  in  this  technique  we  have  the  means  for  investigating  the  distri¬ 
bution  of  nucleotides  inside  the  living  nucleus,  as  well  as  in  the  cyto¬ 
plasm,  under  varying  conditions  of  growth  and  functional  activity. 

Conclusion 

In  the  preceding  pages  we  have  discussed  in  a  necessarily  superficial 
manner  some  of  the  more  important  of  the  pathological  aspects  of 
cytology.  The  attempt  has  been  made  to  give  some  idea  as  to  how  cells 
react  to  adverse  conditions,  to  demonstrate  the  cellular  mechanism 
tuned  to  its  highest  pitch  in  functional  hyperactivity,  and  to  trace  the 
interaction  between  micro-organisms  and  cells  which,  on  the  one  hand, 
results  in  cell  destruction,  and  on  the  other,  as  the  result  of  an  increasing 
dependence  of  the  micro-organism  upon  its  cellular  host,  leads  to  a 
progressive  perfecting  of  a  symbiotic  relationship,  favouring  the  survival 
of  both  at  the  expense  of  the  organism  as  a  whole.  The  climax  is  reached 
with  the  filterable  tumours  where  the  union  between  virus  and  cell  is 
so  complete  as  to  confer  upon  the  cell  new  morphological  characters 
and  remarkable  proliferative  capacity.  The  cause  of  the  unlimited  un¬ 
controlled  growth  of  the  majority  of  tumours  still  remains  the  subject 
of  acute  controversy  and  unremitting  research. 

The  problems  encountered  in  this  survey  have  been  many  and  varied, 
and  there  are  numerous  and  extensive  gaps  in  our  knowledge,  so  that 
at  the  present  time  a  synthetic  discussion  seems  unprofitable.  We  are 
left  v/ith  the  conception  of  the  cell  as  a  functioning  unit,  with  its  micro¬ 
scopically  resolvable  organelle  reacting  to  abnormal  conditions  as  part 
of  a  unified  system.  Only  the  grossest  parts  of  the  mechanism  are  visible 
under  the  fight  microscope,  which  conveys  but  the  crudest  idea  of  the 
underlying  ultramicroscopic  complexity.  The  advances  in  microscopy 
of  recent  years,  especially  phase-contrast  and  ultraviolet  microscopy, 
and  the  advent  of  the  electron  microscope,  have  provided  new  and 
potent  instruments  of  research.  By  their  skilful  application  we  may 
reasonably  hope  to  acquire  a  more  fundamental  insight  into  the  mechan¬ 
ism  of  cellular  functioning  under  normal  and  pathological  conditions. 
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CHAPTER  X 

HISTOGENESIS  IN  TISSUE  CULTURE 

By  HONOR  B.  FELL 
i.  Introduction 

AS  early  as  1914,  Thomson^^^*^^®  made  the  important  obsei'vation  that 
isolated  parts  of  the  chick  embryo,  e.g.  toe,  feathers,  and  lens,  en¬ 
larged  as  a  whole  when  cultivated  in  vitro.  From  this  he  concluded 
that  ‘complete,  uninjured  portions  of  chick  embryonic  tissue  grow  to 
some  extent  in  vitro  under  somatic  control’  (p.  37).  Accordingly  he 
applied  the  terms  ‘controlled’  to  this  type  of  growth  and  ‘uncontrolled’ 
to  that  diffuse  out-wandering  of  cells  from  a  cut  surface  w’hich  is  a  more 
famihar  feature  of  tissue  culture.  Maximow’®  called  the  two  forms 
of  grow'th  ‘organotypic’  and  ‘histiotypic’  respectively,  and  described 
progressive  histological  differentiation  in  the  former.  Nowadays  the 
two  types  of  growth  are  usually  referred  to  as  ‘organized’  and  ‘un¬ 
organized  ’. 

In  unorganized  growth  cells  migrate  actively  from  the  original  frag¬ 
ment  or  explant  and  multiply  in  the  nutritive  medium  until  the  explant 
becomes  surrounded  by  a  broad  halo  of  new  tissue.  As  Thomson^^® 
pointed  out  in  1914  (p.  28):  ‘It  is  highly  probable  that  the  branching 
growth  represents  exactly  what  occurs  in  a  live  animal  which  has  re¬ 
ceived  a  wound.  Plasma  is  first  poured  out;  this  solidifies,  and  the  cells, 
which  are  free  and  exposed,  branch  into  the  plasma  clot  and  heal  the 
wound.’  By  subdivision  of  the  tissue  and  its  repeated  transfer  to  fresh 
medium,  such  cultures  can  sometimes  be  maintained  for  years  in  a  state 
of  active  proliferation.  To  a  great  extent  the  migrating  cells  lose  their 
characteristic  appearance  and  histological  structure,  so  that  it  is  some¬ 
times  impossible  to  tell  by  inspection  from  which  tissue  in  the  body 
they  originated.  Some  degree  of  specificity  is  usually  retained,  how^- 
ever,  and  epithelium  forms  sheets  and  cords,  fibroblasts  produce  a 
branching  outgrowth,  and  so  on. 

Organized  growth  more  nearly  resembles  normal  growdli  in  vivo.  The 
tissue  largely  retains  its  characteristic  architecture,  remains  functional 
and,  if  derived  from  undifferentiated  material,  it  may  develop  in  culture 
in  a  surprisingly  normal  way.  Sometimes  this  progressive  development 
IS  purely  histological,  but  sometimes  a  remarkable  degree  of  anatomical 
development  also  takes  place. 

The  work  on  organogenesis  in  vitro  has  been  review'ed  elsew'here^b  and 
the  present  chapter  is  concerned  only  with  histological  differentiation 
m  culture.  A  brief  account  will  be  given  of  the  methods  commonly 
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employed  for  the  cultivation  of  organized  tissues,  of  the  various  types 
of  histogenesis  that  have  been  observed  in  vitro,  and  of  some  of  the 
biological  problems  for  the  solution  of  which  cultures  of  organized  tissue 
have  been  successfully  used. 


ii.  Methods 

Unorganized  and  organized  growth  often  take  place  simultaneously 
in  the  same  culture.  When  this  happens,  organized  growth  proceeds 
in  the  undisturbed  interior  of  the  tissue  and  unorganized  growth  at  the 
margin.  Most  tissues  differentiate  best  when  cell  migration  is  kept  at 
a  minimum  because  active  amoeboid  outgrowth  naturally  tends  to  dis¬ 
rupt  the  organization  of  the  tissue,  but  at  the  same  time  fresh  food  and 
oxygen  must  be  plentifully  supplied. 

These  conditions  can  be  achieved  in  various  ways.  Many  tissues 
differentiate  well  in  ordinary  large  hanging-drop  preparations.  The 
writer  uses  IJ-inch  square  cover-slips  mounted  over  3x  IJ-inch  hollow- 
ground  slides,  and  transfers  the  tissue  to  fresh  medium,  without  sub¬ 
division,  every  2-3  days.  In  this  way  the  interior  of  the  culture  is  kept 
undisturbed,  a  too-profuse  outgrowth  is  discouraged,  and  a  good  nutri¬ 
tion  maintained.  Another  technique  which  has  given  excellent  results 
is  the  double  cover-shp  method  of  Maximow'^®>^’.  The  tissue  is  explanted 
into  a  drop  of  suitable  medium  spread  on  a  small  round  cover-slip,  which 
is  then  stuck  to  a  large  cover-slip  by  a  small  drop  of  saline;  the  large 
cover-slip  is  sealed  over  a  deep  hollow-ground  slide.  Every  few  days  the 
small  cover-slip  is  detached,  washed  in  saline,  and  the  tissue  is  re-fed  with 
a  small  quantity  of  fresh  medium  without  being  disturbed.  In  this  way 
the  explant  can  be  maintained  for  long  periods  on  the  same  cover-slip. 

Gey’s  roller  tube  method^^’^®,  though  more  generally  used  for  un¬ 
organized  growth,  has  been  successfully  employed  for  certain  types  of 
differentiated  tissue^®’®®.  By  this  technique  the  tissue  is  embedded  in 
a  thin  layer  of  clotted  plasma  on  the  inner  surface  of  a  glass  tube.  Some 
nutritive  fluid,  often  embryo  extract,  is  added,  and  the  tube  is  stoppered 
and  placed  in  a  slowly  revolving  drum.  In  this  way  the  cells  are  inter¬ 
mittently  bathed  with  the  nutritive  fluid,  which  is  withdrawn  and  re¬ 
placed  at  suitable  intervals,  the  tissue  being  left  untouched  for  many 
days. 

For  cultivating  relatively  large  rudiments  the  watch-glass  method  is 
usefuP'*.  This  is  based  on  a  technique  originally  devised  by  T.  S.  P. 
Strangeways  (unpublished).  A  w'atch-glass  is  enclosed  in  a  Petri  dish 
carpeted  with  wet  cotton-wool  in  which  a  circular  hole  has  been  cut  to 
permit  transillumination  of  the  explant.  The  medium,  in  the  form  of 
a  semi-solid  clot,  is  coiAained  in  the  watch-glass,  and  the  tissue  is  ex- 
planted  on  the  surface.  Every  2-3  days  the  explants  are  loosened  from 
the  clot,  washed,  and  transferred  to  freshly  prepared  medium  in  a  clean 
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watch-glass.  The  advantages  of  this  method  are  that  the  explants  are 
so  readily  accessible  to  surgical  manipulation^^  and  that,  as  stated  above, 
relatively  large  masses  of  tissue  can  be  grown.  It  is  unsuitable  for  very 
small  explants,  and  has  the  further  disadvantage  that  the  tissue  cannot 
be  studied  under  high  magnifications. 

Most  tissues,  both  avian  and  mammalian,  differentiate  well  in  a 
mixture  of  fowl  blood-plasma  and  chick  embryo  extract.  The  relative 
proportions  of  plasma  and  embryo  extract  which  should  be  used  depend 
on  the  tissue  to  be  cultivated  and  the  culture  method  employed,  and 
must  be  determined  by  trial  and  error  for  every  new  tissue.  It  is  im¬ 
portant  that  the  embryo  from  which  the  extract  is  made  should  not 
be  too  young,  a  point  which  has  been  clearly  demonstrated  by  Gaillard 
and  his  pupils^^,  to  whose  work  further  reference  will  be  made  later. 
Other  ingredients  may  be  added  to  the  culture  medium  for  different 
tissues,  e.g.  mammalian  plasma  or  serum,  human  cord  serum,  &c. 

Another  factor  which  is  often  important  in  obtaining  successful 
differentiation  in  vitro  is  the  age  of  the  embryo  from  which  the  tissue 
is  taken.  For  many  tissues  there  is  an  optimum  stage  of  development 
at  which  the  explants  should  be  taken,  and  either  younger  or  older 
material  gives  unfavourable  results  for  reasons  which  are  not  yet  under¬ 
stood. 


111.  Histogenesis 

The  different  types  of  histogenesis  that  have  been  observed  in  vitro 
will  now  be  described. 

a.  Connective  Tissue  Fibres 

The  differentiation  of  fibrous  connective  tissue  (Plate  1,  Fig.  1)  has 
been  studied  quite  extensively  in  both  avian  and  mammalian  ma- 
teriaP.3.4, 12.46.63.64.69.79.80, 81,87,108.110.112.113.120,121.  Collagen  is  formed  in  vitro 

by  fibroblasts  from  many  different  sources,  e.g.  spleen,  lymph  nodes,  em¬ 
bryonic  subcutaneous  tissue,  heart,  liver,  &c.  As  the  fibroblasts  migrate 
from  the  explant,  a  fine  fibrillar  network  of  argyrophil  reticulum  de¬ 
velops  around  the  cells,  sometimes  during  the  first  24  hours’  growth^L 
This  reticulum,  which  is  visible  in  the  living  culture,  becomes  rapidly 
transformed  first  into  a  coarser  network  and  then  into  large  fibres;  the 
transformation  is  effected  partly  by  the  mechanical  orientation  of  the 
fine  fibrils  by  the  migrating  cells,  and  partly  by  their  conglutination 
into  thicker  elements.  Sometimes  the  fibres  in  the  zone  of  outgrowth 
orm  m  direct  continuity  with  those  of  the  original  explant^.si  and 
sometimes  they  develop  independently.  Since  the  new  fibres  are  more 
profuse  near  the  original  explant,  some  authors  consider  that  their  pro- 
Stimulated  by  the  presence  of  the  pre-existing  collagen3.46.i2o 

Whether  collagen  fibres  originate  inside  or  outside  the  cell  has  long 
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been  a  subject  of  controversy  among  histologists.  Doljansky  and  Rou- 
let^2  performed  the  interesting  experiment  of  growing  fibroblasts  on  a 
porous  glass  plate  above  a  plasma  clot,  so  that  the  cells  were  not  in 
direct  contact  with  the  medium  although  their  products  could  diffuse 
into  it.  Bundles  of  fibres  formed  beneath  the  porous  plate,  presumably 
by  an  interaction  between  the  culture  medium  and  substances  secreted 
by  the  overlying  fibroblasts.  These  fibres  stained  deep  blue  with  azan, 
but  gave  no  reaction  with  Weigert’s  fibrin  stain;  they  became  increas¬ 
ingly  resistant  to  trypsin  digestion  as  their  development  progressed,  and 
although  this  resistance  was  never  complete,  it  was  as  great  as  that  of 
collagen  formed  in  tissue  cultures  in  the  ordinary  way.  These  results 
suggest  that  although  collagen  fibres  are  formed  as  a  result  of  cellular 
activity,  direct  contact  with  the  cells  is  not  essential. 

The  relationship  of  fibrin  to  the  formation  of  collagen  has  also  been 
a  matter  for  dispute.  BaitselB,  working  with  cultures  of  adult  frog 
tissue,  believed  that  fibrin  was  directly  transformed  into  collagen,  but 
it  has  since  been  shown®^  that  collagenous  fibres  are  able  to  develop  in 
a  fluid  medium  devoid  of  fibrin. 

The  formation  of  elastic  fibres  in  culture  has  been  noted  by  several 
workers^’^’’®®’^^^.  Such  fibres  only  develop  in  vitro  in  those  tissues  which 
normally  form  them  in  vivo.  They  have  been  very  clearly  demonstrated 
in  cultures  of  the  embryonic  heart  muscle  of  the  guinea-pig^.  The  elastic 
fibres,  which  gave  the  specific  staining  reaction  with  Weigert’s  resorcin 
fuchsin,  reached  their  highest  development  in  the  zone  of  outgrowth,  and 
were  thickest  and  most  prominent  where  they  were  subjected  to  the 
pull  of  the  pulsating  cardiac  muscle.  Elastic  fibres  also  form  in  non¬ 
pulsating  cultures,  however,  showing  that  the  contractile  force  is  not 
essential  for  their  development^’®’’^®’^^^. 

b.  Skeletal  Tissue 

The  differentiation  of  hyaline  cartilage  can  be  watched  day  by  day  in 
living  cultures  of  chondrogenic  mesoderm^^’®^’®®’^^®-^^®.  If  a  small  piece 
of  the  undifferentiated  axial  tissue  is  removed  from  the  limb-bud  of  a 
3-day  chick  embryoi^  and  cultivated  in  a  large  hanging-drop  culture, 
it  chondrifies  within  a  few  days.  During  the  first  48  hours  the  explant 
rapidly  expands  into  a  sheet  in  which  slight  local  thickenings  are  seen. 
These  condensed  areas  enlarge,  become  more  compact,  and  by  the  4th 
day  delicate  partitions  of  glistening  matrix  have  appeared  between  the 
polyhedral  cells,  which  are  now  recognizable  as  young  chondroblasts. 
The  intercellular  material  steadily  increases  in  amount,  and  the  young 
cartilage  becomes  sharply  demarcated  from  the  surrounding  mesoderm 
by  a  fibrous  perichondrium.  If  the  axial  mesoderm  of  limb-buds  is 
grown  by  the  watch-glass  method,  it  undergoes  a  surprising  degree  of 
anatomical  development,  including  the  early  stages  ot  joint-formation-”. 
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Under  appropriate  conditions,  cartilage  which  ossifies  in  the  embryo 
also  ossifies  in  culturei7.24.25.29, 32,83.85.86,118,  Yot  example,  the  early  carti¬ 
laginous  rudiment  of  the  chick  femur,  when  grown  by  the  watch-glass 
method,  differentiated  to  a  surprising  degree^'i.  When  first  explanted 
it  consisted  of  small-celled  cartilage  with  no  demarcation  into  epiphysis 
and  diaphysis  and  no  periosteum.  During  cultivation  the  cells  of  the 
shaft  began  to  hypertrophy  in  the  normal  way,  the  perichondrium 
differentiated  into  an  inner  osteoblastic  and  an  outer  fibrous  coat,  and 
a  sheath  of  osteoid  tissue  was  deposited  on  the  surface  of  the  hyper¬ 
trophic  cartilage;  cellular  hypertrophy  spread  from  the  centre  of  the 
shaft  towards  the  ends,  but  it  stopped  abruptly  at  the  junction  of  the 
epiphysial  and  diaphysial  regions  so  that,  as  in  the  normal  avian  embryo, 
the  small-celled  epiphysis  was  sharply  demarcated  from  the  large-celled 
shaft.  Meanwhile  the  layer  of  osteoid  tissue  thickened  and  calcified  to 
form  true  periosteal  bone.  The  gross  anatomy  of  the  rudiment  also 
developed  to  a  remarkable  extent. 

Robison  and  his  pupils  have  shown  that  in  the  normal  animal  hyper¬ 
trophic  cartilage  and  bone  both  secrete  large  quantities  of  alkaline  phos¬ 
phatase.  At  the  stage  when  the  femur  rudiments  were  first  explanted 
they  contained  little  or  no  phosphatase,  but  as  they  differentiated  during 
cultivation  the  enzyme  was  secreted  as  actively  in  the  cultures  as  in 
the  normal  developing  femur  m  vivo^*.  There  was  thus  a  biochemical 
as  well  as  a  morphological  differentiation  in  vitro. 

If  such  long-bone  rudiments  are  fractured,  the  fractures  are  repaired 
in  vitro^^.  The  type  of  repair  depends  on  the  period  of  embryonic  life 
at  which  the  injury  is  made.  If  the  rudiments  are  taken  from  5-day 
chick  embryos,  when  they  consist  of  very  early  unossified  cartilage,  the 
cut  surfaces  of  the  fracture  rapidly  unite  by  proliferation  of  the  chondro- 
blasts,  continuity  of  the  perichondrium  is  restored,  and  within  a  few 
days  no  trace  of  injury  remains.  At  a  slightly  later  stage  there  is  no 
direct  fusion  of  the  cartilage,  but  the  young  periosteum  quickly  heals 
and  osteoblasts  often  migrate  between  the  cut  surfaces  of  the  cartilage, 
where  they  sometimes  form  osteoid  tissue;  a  continuous  sheath  of  bone 
is  deposited,  completely  covering  the  site  of  fracture.  When  ossified 
rudiments  are  fractured  the  periosteum  is  soon  repaired,  osteoblasts 

fill  the  gap  between  the  cut  ends,  and  the  periosteal  bone  is  healed  by 
fresh  deposition. 

At  certain  stages  of  development  the  differentiation  of  cartilage  which 
normally  ossifies  can  be  arrested  by  appropriate  environmental  condi¬ 
tions,  so  that  chondroblastic  hypertrophy  and  ossification  are  com¬ 
pletely  or  partially  suppressed,  although  the  cartilage  appears  healthy23. 
This  was  shown  by  the  following  experiments.  The  skeletal  rudiments 
were  removed  from  the  leg-buds  of  normal  chick  embrvos  at  different 
stages  of  development;  one  of  each  pair  was  grown  in  normal  culture 
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medium  and  the  other  in  a  diluted,  growth -restricting  medium.  Cultiva¬ 
tion  in  vitro  always  greatly  inhibits  skeletal  growth,  but  this  inhibition 
was  much  more  exaggerated  in  the  diluted  medium.  In  the  youngest 
group  of  these  paired  rudiments  (leg-buds  0-48-2-19  mm.  in  length) 
13  per  cent,  ossified  in  the  normal  and  only  3  per  cent,  in  the  growth- 
restricting  medium;  in  the  next  group  (2-24-3-81  mm.  buds)  73  per  cent, 
ossified  in  the  normal  and  27  per  cent,  in  the  growth -restricting  medium, 
while  in  the  oldest  group  (3-86-5'24  mm.  buds)  all  the  explants  ossified 
in  both  media.  After  16-18  days’  cultivation  in  the  diluted  medium 
the  explants  from  the  younger  embryos  resembled  the  long-bones  of 
phokomelic  chick  embryos  in  the  following  respects:  retardation  of 
chondrogenesis,  absence  of  ossification,  fusion  of  tibia  and  fibula,  and 
the  absence  of  chondroblastic  hypertrophy  or  its  restriction  to  the  in¬ 
terior  of  the  shaft.  These  results  indicated  that  there  is  a  critical  period 
in  the  early  development  of  the  normal  limb-skeleton  during  which 
conditions  that  restrict  growth  also  prevent  subsequent  ossification,  but 
that  after  this  period  the  same  conditions  fail  to  inhibit  ossification. 

Another  important  factor  in  the  development  and  ossification  of 
cartilage  is  the  age  of  the  embryo  from  which  the  tissue  extract  for  the 
culture  medium  is  made.  It  was  shown  (Verdam,  quoted  from  32^83,85 
that  when  cartilaginous  rudiments  were  explanted  at  a  rather  later 
stage  than  the  critical  period  mentioned  above,  the  degree  of  ossifica¬ 
tion  which  the  cultures  underwent  depended  on  the  age  of  the  embryo 
from  which  the  tissue  extract  was  prepared.  Thus  when  tibiae  from 
7-day  chick  embryos  were  cultivated  in  a  medium  containing  extract 
of  7 -day  embryos,  the  cultures  grew  weU  but  did  not  ossify;  on  the 
other  hand,  they  ossified  readily  when  an  extract  of  13-day  embryos 
w’as  used®^’®®.  Extract  of  18-day  embryos  was  somewhat  toxic  unless 
it  was  twice  centrifuged,  in  which  case  it  promoted  both  cartilage  growth 
and  the  formation  of  bone.  The  metacarpals  of  rat  foetuses  cultivated 
in  medium  containing  press  juices  of  younger  embryos  quickly  and 
completely  lost  their  histological  structure,  and  the  cartilage  dedifferen¬ 
tiated  into  a  shapeless  mass  of  cells  resembling  those  of  connective 
tissue  (Verdam,  quoted  from  ^2);  the  histological  structure  of  meta¬ 
carpals  grown  in  extract  of  embryos  of  the  same  age  as  those  from  w'hich 
the  explants  were  taken  remained  almost  unchanged,  but  in  blood- 
plasma  from  adult  rats  both  differentiation  and  ossification  progressed. 
The  best  results  were  obtained  when  the  rudiments  w^ere  cultivated  by 
Gaillard’s  ‘ascending  range’  method,  i.e.  w'hen  at  each  subculture  the 
metacarpals  were  transferred  to  medium  containing  the  press  juices  of 
an  embryo  older  than  that  used  for  the  preceding  passage®^. 

In  the  normal  embryo  there  are  two  main  types  of  cartilage.  (1) 
hypertrophic  cartilage  with  large  chondroblasts,  which  forms  alkaline 
phosphatase  and  is  alw'ays  associated  w  ith  periosteal  bone,  and  (2)  non- 
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ossifying  small-celled  cartilage  which  contains  little  or  no  phosphatase 
and  does  not  ossify,  e.g.  Meckel’s  rod  and  the  avian  epiphyses.  We 
have  seen  that  cartilage  which  normally  undergoes  cellular  hypertrophy 
and  ossification  in  vivo,  under  favourable  conditions  differentiates  in 
the  same  way  in  vitro.  The  small-celled  cartilage  also  develops  in  vitro 
as  it  does  in  vivo.  For  example,  if  the  palato-quadrate  and  Meckel’s 
rod  are  removed  from  a  5-6-day  chick  embryo,  at  which  stage  both  are 
small-celled  and  unossified,  and  are  explanted  in  vitro^^,  the  former 
undergoes  chondroblastic  hypertrophy,  synthesizes  phosphatase  and 
ossifies,  while  the  latter  remains  small-celled  and  forms  no  phosphatase 
throughout  the  period  of  cultivation.  From  this  it  is  clear  that  the 
future  histological  structure  of  the  two  types  of  cartilage  is  deter¬ 
mined  before  any  significant  histological  difference  between  them  has 
appeared. 

The  question  has  often  been  raised  as  to  whether  bone  is  formed  by 
ordinary  connective  tissue  cells  in  response  to  local  humoral  conditions 
or  by  specifically  determined,  self-differentiating  osteogenic  cells.  This 
problem  was  investigated  by  studying  the  osteogenic  capacity  of  isolated 
periosteum  and  endosteum  when  growing  under  the  standardized  en¬ 
vironmental  conditions  obtaining  in  tissue  culture^®. 

In  these  experiments  the  periosteal  tissue  was  stripped  from  the  shafts 
of  long-bones  from  6-21 -day  fowl  embryos  and  from  newly  hatched 
chicks  and  cultivated  in  large  hanging-drop  preparations.  The  explants 
from  6-day  embryos  ossified  readily  in  vitro,  and  the  details  of  bone 
formation  could  be  followed  day  by  day  in  the  living  tissue.  After  48 
hours  in  vitro  the  explants  had  expanded  into  very  delicate  sheets  of 
tissue  bordered  by  a  fringe  of  amoeboid  cells  and  containing  one  or 
more  compact  thickenings.  The  cells  of  these  denser  regions  were  some¬ 
what  rounded,  and  were  separated  from  each  other  by  delicate,  slightly 
refractile  and  apparently  homogeneous  partitions.  After  4  days  some 
of  these  thickenings  had  developed  into  nodules  of  typical  hyaline 
cartilage,  while  others,  sometimes  in  the  same  culture,  had  given  rise 
to  ossification  centres.  In  the  latter,  fine  osteogenic  fibres  appeared 
among  the  cells,  forming  rather  irregular,  very  refractile  branching 
bund  es  When  the  tissue  was  transplanted  to  fresh  medium  it  was 
ouncl  that  this  early  intercellular  material  had  a  certain  rigidity  even 
in  the  thinnest  ossification  centres,  so  that  when  the  tissue  was  cut  out 
of  the  plasma  clot  it  remained  as  a  fairly  flat  plate  around  which  the 
soft  niesoderm  contracted  into  a  crumpled  ring.  In  the  6-day  cultures 

the  f  matrix  was  obscured  in  places  bv 

the  deposition  of  a  refractile,  interfibrillar  cement,  presumably  ossein 

This  material  rapidly  calcified  so  that  the  bone  Lame  white  and 
opaque  m  the  interior  of  the  ossification  centre,  though  new  osteogenic 
bres  radiating  into  the  tissue  in  all  directions  were  often  in  course  of 
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formation  at  the  periphery.  Many  ossification  centres  appeared  healthy 
after  18  days’  cultivation.  Histological  sections  of  such  cultures  showed 
typical  coarse-fibred  bone  (Plate  1,  Figs.  3  a  and  6)  indistinguishable 
from  that  formed  in  the  normal  embryo. 

Periosteum  from  10-day  embryos  also  ossified  well  in  culture,  form¬ 
ing  rather  thicker  and  more  compact  ossification  centres  than  those 
described  above.  In  the  early  experiments  ossification  was  rarely  ob¬ 
tained  from  the  periosteum  of  late  embryos  and  newly  hatched  chicks, 
although  the  tissue  grew  profusely.  It  was  found  that  this  was  due 
merely  to  mechanical  damage  inflicted  on  the  delicate  osteoblastic  layer 
when  the  tough,  closely  attached  fibrous  coat  was  stripped  from  the 
bone.  The  outgrowth  in  these  early  cultures  was  therefore  fibroblastic 
and  non-osteogenic.  In  later  (unpublished)  experiments,  in  which  the 
technique  of  dissection  had  been  improved,  the  older  periosteum  ossified 
in  vitro  almost  as  readily  as  the  younger  tissue. 

To  study  the  bone-forming  capacity  of  the  endosteum,  fragments  of 
tibial  bone  from  a  late  embryo  or  newly  hatched  chick  were  cleaned  of 
periosteum  and  marrow,  and  grown  by  the  hanging-drop  method  for 
5-6  days;  by  this  time  the  bone  had  become  surrounded  by  a  broad 
halo  of  outgrowth,  consisting  mainly  of  endosteal  osteoblasts  which  had 
craw  led  out  of  the  Haversian  spaces  and  multiplied  in  the  medium.  The 
original  fragment  was  then  excised  and  rejected  and  the  zone  of  out¬ 
growth  subcultivated.  New  bone  soon  developed  in  the  interior  of  such 
endosteal  cultures  (Plate  1,  Figs.  2  a  and  b).  Sometimes  cartilage  also 
differentiated^®;  when  it  appeared  it  was  always  of  the  hypertrophic 
type,  produced  but  little  chondroid  matrix  (which,  however,  stained 
metachromatically  with  thionin)  and  merged  gradually  with  the  sur¬ 
rounding  bone  and  osteoid  tissue.  The  general  histological  picture 
closely  resembled  that  of  the  chondroid  areas  in  callus.  This  low^ -grade 
cartilage  w'as  unstable  and  usually  became  transformed  into  osteoid 
tissue  and  bone. 

Membrane  bone  differentiates  well  in  vitro^^.  The  undifferentiated 
mesoderm  surrounding  Meckel’s  cartilage  in  the  6-day  chick  embryo 
was  cultivated  by  the  hanging-drop  method  and  formed  nodules  of 
typical  calcified  bone,  the  development  of  w^hich  was  beautifully  clear 
in  the  living  cultures. 

The  results  of  these  tissue-culture  experiments  strongly  support  the 
view  that,  at  least  during  embryonic  and  early  post -embryonic  life, 
bone  is  formed  by  specifically  determined  cells  and  not  in  response  to 
local  environmental  factors.  That  fibroblasts  can  be  transformed  into 
osteoblasts  under  certain  abnormal  conditions  is  not  questioned,  how¬ 
ever,  since  it  is  well  knowm  that  ectopic  bone  can  be  produced  experi¬ 
mentally  or  under  pathological  conditions  in  various  tissues  and  organs 

in  vivo. 
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This  specificity  of  the  skeletogenous  mesoderm  and  its  remarkable 
capacity  for  self-differentiation  in  vitro  have  been  utilized  for  analysing 
the  developmental  potencies  of  undifferentiated  regions  of  the  early 
embryo.  For  example,  the  processes  which  lead  to  the  formation  of  the 
mesodermal  condensations  which  give  rise  to  the  cartilage  and  bone  of 
the  chick  mandible  were  investigated  by  explantation  experiments®^. 
The  potencies  of  different  parts  of  the  early  mandibular  rudiment  at 
different  stages  of  development  were  ascertained  by  excising  selected 
regions  of  mesoderm  and  allowing  them  to  differentiate  in  vitro;  each 
mandible  from  which  an  explant  had  been  taken  was  fixed  and  sectioned, 
so  that  the  precise  boundaries  of  the  excised  fragments  could  be  de¬ 
termined.  The  results  showed  that  the  chondrogenic  cells  which  form 
Meckel’s  cartilage  originate  from  a  small  proliferation  centre  imme¬ 
diately  beneath  the  buccal  epithelium  of  the  branchial  arch;  the  cells 
of  this  area  are  already  determined  to  form  cartilage  by  the  third  day 
of  embryonic  life  (Plate  1,  Figs.  4  a  and  b).  The  osteogenic  cells  destined 
to  form  the  angulare,  spleniale,  and  supra-angulare  were  found  to  arise 
from  a  single  proliferation  centre,  which  appears  at  about  the  fourth  day 
beneath  a  slight  ectodermal  thickening  at  the  proximo -lateral  end  of 
the  mandible;  the  explantation  experiments  demonstrated  that  even  at 
this  early  stage  the  cells  of  the  centre  are  determined  to  form  bone. 
The  os  dentale  originates  from  a  separate  centre,  which  appears  at  about 
the  fifth  day  in  the  disto-lateral  part  of  the  mandible. 

Similar  experiments  were  made^o  to  find  whether  the  avian  sternum 
was  derived  from  the  ribs,  as  some  anatomists  have  maintained,  or 
whether  it  should  be  regarded  as  part  of  the  appendicular  skeleton,  as 
others  believe.  It  was  found  that  the  sternal  plates  can  develop  in  vitro 
in  the  complete  absence  of  both  ribs  and  coracoid.  The  boundaries  of 
the  presumptive  sternal  tissue  were  determined  by  excising  different 
regions  of  the  lateral  body  wall  and  studying  their  development  in  vitro ; 
it  was  clear  that  the  plates  arise  as  independent  structures  which,  how¬ 
ever,  are  more  closely  related  to  the  appendicular  than  to  the  axial 
skeleton.  In  rather  older  explants  of  the  ventro -lateral  body  wall  it 
was  demonstrated  that,  as  in  the  intact  embryo,  there  is  a  general  move¬ 
ment  towards  the  mid-line  of  all  the  dorso-lateral  tissue,  including 
muscle,  connective  tissue,  and  the  sternal  plates. 

Under  certain  conditions,  tissue  of  skeletal  origin  which  has  com¬ 
pletely  lost  its  original  structure  during  weeks  or  months  of  repeated 
subculture  can  be  made  to  re-differentiate.  Fischer  and  Parker^?  main¬ 
tained  a  strain  of  cultures  derived  from  the  cranium  of  a  10-day  chick 
embryo  for  several  months,  by  which  time  all  differentiation  had  been 
lost.  When  such  cultures  were  grown  for  a  few  passages  without  embryo 
extract,  a  fibrous  differentiation  occurred  in  the  interior  of  the  tissue 
which,  m  the  authors’  opinion,  sometimes  resembled  bone.  Gaillard®^ 
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obtained  rather  more  definite  results  when  he  induced  completely  de¬ 
differentiated  osteoblast  cultures  to  form  typical  calcified  bone  by 
means  of  his  ‘ascending  range’  method  mentioned  above,  i.e.  by  sub¬ 
cultivating  the  tissue  in  medium  containing  press  juices  from  succes¬ 
sively  older  embryos. 

The  effects  of  mechanical  factors  on  skeletal  structure  have  been 
studied  in  cultures  of  cartilage  and  As  Glucksmann'*! 

points  out,  in  animal  experiments  it  is  almost  impossible  to  define  the 
minute  stresses  set  up  in  skeletal  tissue,  as  the  physical  conditions  are 
so  greatly  complicated  by  the  presence  of  muscles,  nerves,  and  blood- 
supply.  The  direct  effect  of  various  known  stresses  on  the  histological 
architecture  of  skeletal  tissue  can  therefore  be  studied  with  much  greater 
precision  in  vitro,  where  these  complicating  factors  are  eliminated. 

In  one  series  of  experiments'*®  mechanical  forces  were  applied  to  the 
skeletal  explants  in  three  ways:  (1)  The  direct  application  of  pressure. 
Small  sections  of  two  adjacent  ribs  from  17-21 -day  fowl  embryos, 
connected  by  the  intercostal  muscle,  were  explanted  by  the  hanging- 
drop  method,  and  the  experimental  culture  was  laid  on  the  muscle 
between  the  ribs;  during  cultivation  the  rib-fragments  w^ere  drawn 
together,  thus  exerting  pressure  on  the  explant  lying  between  them. 
(2)  The  indirect  application  of  pressure.  Cartilaginous  barriers  were 
placed  in  contact  with  the  growing  culture  so  as  to  resist  its  expansion 
at  selected  points.  (3)  By  the  surface  tension  of  the  culture  medium. 
If  tissue  is  explanted  near  the  margin  of  a  hanging  drop  the  centre  of 
the  clot  liquefies,  while  the  periphery  loses  fluid  and  shrinks,  thus  in¬ 
creasing  the  surface  tension  near  the  margin. 

When  endosteal  cultures  such  as  those  described  on  p.  426  were  sub¬ 
jected  to  direct  pressure®®,  they  acquired  an  orientated  structure; 
whether  this  was  of  the  resistance  or  compression  type  depended  on 
the  degree  of  calcification  of  the  tissue  at  the  time  when  the  pressure 
was  apphed.  Long-bone  rudiments  also  were  subjected  to  mechanical 
forces  with  the  following  results.  If  the  perichondrium  or  periosteum 
were  exposed  to  pressure  or  tension  stresses  acting  at  right  angles  to 
the  direction  of  the  fibres,  the  collagen  fibres  disappeared  and  cartilage 
w^as  formed*®.  When  pressure  or  tension  was  applied  to  differentiated 
cartilage**  the  hyaline  matrix  disintegrated  and  was  replaced  by  a 
fibrillar  system.  Periosteal  ossification  was  promoted  by  tension  stresses, 
which  also  determined  the  pattern  of  the  osseous  architecture. 

Other  experiments  were  made  on  the  effects  of  mechanical  stresses 
on  the  differentiation  of  the  scleral  cartilage  of  chick  embryos*®®-*®*. 
When  explants  of  early  scleral  cartilage  were  folded,  the  distribution 
of  the  cells  and  the  orientation  of  their  nuclear  axes  reflected  very 
clearly  the  pattern  of  the  fines  of  stress.  The  perichondrium  was  dense 
on  the  convex  surfaces,  which  were  under  tangential  strain,  and  the 


HISTOGENESIS  IN  TISSUE  CULTURE  429 

cells  and  fibres  ran  parallel  to  the  surface  of  the  cartilage;  on  the  con¬ 
cave  side  it  became  loosened  into  a  stroma,  the  fibres  of  which  radiated 
into  the  interior  of  the  scleral  cartilage  along  the  lines  of  tension  pro¬ 
duced  by  the  lateral  compression  of  the  plate. 

The  effect  of  tension  on  the  differentiation  of  scleral  cartilage  was 
studied  in  the  following  way^^®.  The  partly  coagulated  plasma  clot  con¬ 
taining  an  explant  of  pre-scleral  mesenchyme  was  stretched  with  a 
needle  and  held  until  coagulation  was  complete;  the  clot  then  adhered 
firmly  to  the  cover-slip,  retaining  its  deformation  and  resulting  elastic 
tensions.  If  the  stretch  applied  to  the  scleral  mesenchyme  was  exces¬ 
sive,  the  explant  was  drawn  out  into  a  thin  layer  in  which  heavy  bundles 
of  collagen  developed  along  the  lines  of  stress,  but  no  cartilage.  With 
moderate  stretch,  cartilage  developed  but  was  abnormally  thin. 

From  all  these  investigations  it  is  clear  that  the  effects  of  mechanical 
stresses  on  skeletal  tissue  developing  under  the  greatly  simphfied  condi¬ 
tions  of  culture  in  vitro  closely  resemble  those  produced  by  similar 
mechanical  factors  in  vivo.  Evidence  is  thus  provided  that  the  struc¬ 
tural  effects  produced  in  vivo  are  due  to  the  direct  action  of  the  stresses 
on  the  skeletal  tissue  itself. 

c.  Teeth 

Tooth  germs  have  as  great  a  capacity  for  differentiation  in  vitro  as 
skeletal  rudiments^^’^®.  Molar  tooth  germs  of  the  rat  and  rabbit  were 
explanted  before  cusps  had  appeared  or  dentine  and  enamel  had 
differentiated.  During  cultivation  cusps  developed  almost  normally, 
the  dentine  papilla  formed  odontoblasts  which  deposited  normal  tubular 
dentine,  and  in  the  rabbit  tooth  rudiments  the  internal  enamel  epithe¬ 
lium  differentiated  into  ameloblasts  which  formed  enamel.  It  was  found 
that  the  presence  of  the  internal  enamel  epithelium  was  essential  for 
the  differentiation  of  the  odontoblasts,  but  that  when  once  the  odonto¬ 
blasts  had  appeared  they  could  produce  dentine  in  the  absence  of  the 
enamel  epithelium.  The  results  also  showed  that  the  enamel  epithelium 
was  responsible  for  the  normal  anatomical  development  of  the  tooth. 

d.  Skeletal  Muscle 

The  development  and  behaviour  in  vitro  of  skeletal  muscle  has  been 
studied  extensively.  Cross -striated  muscle  fibres  will  develop  in  culture 
from  mononucleate  myoblasts,  whether  the  explants  have  nervous  con- 
nexions  or  not^^-iae^  Cultures  of  embryonic  muscle  proved  convenient 

material  for  investigating  the  physiology  of  contraction  at  different 
stages  of  myogenesisi22,i23, 133-141 

In  one  set  of  experiments^®®  explants  consisting  of  1-4  myotomes 
with  the  corresponding  piece  of  spinal  cord  were  removed  from  24-42- 
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hour  chick  embryos  and  cultivated  in  vitro;  both  muscle  fibres  and 
nerves  differentiated.  At  first  only  a  few  isolated  myoblasts  contracted, 
but  the  activity  spread  rapidly  and  soon  all  the  muscular  tissue  was 
involved.  The  early  sporadic  contraction  seemed  to  be  myogenic,  but 
the  later  contractions  appeared  to  be  neurogenic  and  could  be  sup¬ 
pressed  by  curare.  Histological  preparations  showed  that  by  the  time 
muscular  contraction  was  active  the  reflex  arc  w’as  established  through¬ 
out  the  preparation in  those  explants  where  there  was  no  muscular 
activity  the  reflex  arc  had  not  yet  been  formed.  From  these  results 
it  was  concluded  that  the  contractions  were  reflex  actions.  Cultures  of 
myogenic  tissue  completely  isolated  from  all  nerve  connexions  also 
develop  spontaneous  contractions,  but  require  a  longer  time  than  the 
innervated  explants  to  acquire  the  same  degree  of  activity^^^’^^h 

Recently,  experiments  were  made  to  find  whether  there  is  any  relation¬ 
ship  between  electrical  excitability  and  the  appearance  of  spontaneous 
muscular  activity^^^.  Innervated  and  non-innervated  cultures  of  myo¬ 
genic  tissue  were  submitted  to  condenser  discharge  shocks,  and  the 
threshold  of  response  at  different  stages  of  differentiation  was  deter¬ 
mined.  The  threshold  w^as  found  to  decline  as  differentiation  advanced 
and  became  low  when  spontaneous  activity  appeared;  the  decline  was 
more  rapid  in  innervated  than  in  non-innervated  explants;  when  the 
spontaneous  contraction  of  innervated  explants  was  stopped  by  curare, 
the  threshold  simultaneously  increased  by  10-15  times.  From  these 
results  it  seems  likely  that  the  appearance  of  spontaneous  contractions 
in  an  explant  depends  in  part  upon  the  degree  of  its  excitability. 

In  cultures  of  partly  or  fully  differentiated  muscle,  some  or  all  of  the 
fibres  dedifferentiate,  losing  their  cross -striation  and  obvious  myo- 
fibrils®^’^®’®^’®®’’^^’^^^,  but  it  is  interesting  that  such  fibres  remain  contrac¬ 
tile.  The  general  histological  picture  in  these  cultures  resembles  that 
seen  in  regenerating  muscle  in  vivo.  In  addition  to  ordinary  spindle- 
shaped  myoblasts,  large  multinucleate  ribbons  or  irregular  masses  of 
protoplasm  grow  out  as  buds  from  the  cut  ends  of  the  original  fibres. 
These  buds,  which  often  become  detached  from  the  parent  fibre  and 
lead  an  independent  life,  may  break  up  into  individual  cells®^’^l^’^^^ 
or  they  may  re-differentiate  into  cross-striated  fibres®’®^  capable  of 
rhythmical  contraction^. 

The  growth  in  vitro  of  adult  rat  and  human  muscle  (Plate  2,  Fig.  6) 
has  been  described^^^.  Spindle-shaped  cells,  irregular  multinucleate 
fragments,  and  ribbon  forms  appeared  in  the  zone  of  outgrowth,  and 
spontaneous  contraction  was  widespread  in  the  rat  tissue,  though  it 
occurred  in  only  one  human  culture.  Cross-striation  was  an  unstable 
feature  of  the  muscle  cells  and  in  the  rat  cultures  would  appear  and 
disappear  more  than  once  in  the  same  cell;  contraction  was  seen  in  both 
striated  and  unstriated  fibres. 
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e.  Heart  Muscle 

There  is  an  extensive  literature  on  the  behaviour  of  cardiac  muscle 
in  i;j7ro^.ii,42.47, 48.57.66.67,70.91.92, 93,99-107,116.127.139, 140,141.149^  the  Contribu¬ 

tions  up  to  1934  have  been  fully  reviewed  by  Levi^®.  It  has  been 
shown^®^’^'*^  that  the  presumptive  heart  tissue  from  24-30-hour  chick 
embryos  rapidly  forms  myoblasts  when  cultivated  in  vitro  and  soon 
begins  to  beat,  the  contractions  persisting  for  about  a  month.  If  the 
explants  are  grown  in  medium  containing  KCl  they  grow  but  do  not 
pulsate,  but  nevertheless  cross-striated  muscle  fibres  develop,  showing 
that  differentiation  does  not  depend  on  functional  activity. 

The  threshold  of  excitability  of  early  embryonic  heart  muscle  ex- 
planted  in  vitro  has  been  determined^^^  by  leaving  the  cultures  at  room 
temperature  for  a  short  time  and,  as  soon  as  they  lost  their  spontaneous 
activity,  submitting  them  to  condenser  discharge  shocks.  Developing 
cardiac  muscle  was  found  to  differ  from  developing  skeletal  muscle  in 
two  important  respects:  (1)  the  threshold  was  low  from  the  beginning 
of  the  culture  period,  (2)  it  did  not  decline  appreciably  as  differentiation 
advanced.  Since  heart  muscle  is  very  precocious  in  its  activity,  these 
results  provide  further  support  for  the  view  that  spontaneous  contrac¬ 
tion  depends  largely  on  the  excitability  of  the  muscle. 

Pulsating  explants  of  embryonic  heart  have  been  used  to  study 
the  effects  of  various  salts  on  heart -beat®i>®2.93,99  explanted  heart 

rudiment  of  early  chick  embryos  undergoes  a  co-ordinated,  rhythmical 
pulsation  in  normal  medium,  but  if  excess  potassium,  calcium,  or 
magnesium  is  added,  co-ordination  is  lost  and  a  fibrillation  is  produced 
which  sometimes  lasts  for  several  weeks®^.  Co-ordinated  beating  is 
resumed  if  the  proper  balance  of  the  medium  is  restored.  The  effect 

of  various  drugs  and  hormones  on  heart  cultures  has  also  been  investi- 
gatedi'*®. 

When  heart  muscle  is  explanted  at  a  more  advanced  stage  of  develop¬ 
ment  it  usually  dedifferentiates  and  loses  its  cross -striation®®403.  Pulsa¬ 
tion  continues,  however,  showing  that  contractility  does  not  depend  on 
the  visible  fibrillar  structure.  Under  appropriate  conditions  the  myo¬ 
blasts  may  re-differentiate  and  the  cross-striated  myofibrils  reappear^^^ 
but  the  character  of  the  contraction  is  unaffected  by  these  histological 


With  suitable  methods  of  cultivation  cardiac  muscle  can  be  kept  in 
a  functional  and  differentiated  state  for  relatively  long  periods.  Em- 
bryomc  chick  heart  muscle,  for  example,  when  grown  in  a  special  fluid 
edium  remained  ah  re  and  differentiated  for  180  days.  Recently” 

bv'thT'^if been  obtained 

aLut  20  ,1  c™«3-»cl,  and  after 

visMe  untlm  disks  appeared  and  remained 

isible  until  the  end  of  the  experiment  (60  days). 
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/.  Smooth  Muscle 

Smooth  muscle  from  various  sources  has  been  successfully  cultivated 
in  a  differentiated  and  functional  state^^.eo.es  Myofibrils  have  been 
beautifully  demonstrated  in  the  living  embryonic  cells  by  polarized 
light®®;  the  myoblasts  contract,  either  singly  or  in  groups,  and  some¬ 
times  only  part  of  a  cell  is  contractile®®.  Experiments  have  been  made 
to  find  when  contractihty  develops  in  the  smooth  muscle  of  the  various 
tissues  of  the  chick  embryo,  by  cultivating  explants  from  the  oeso¬ 
phagus,  intestine,  aerial  sacs,  and  large  blood-vessels^®.  Contractihty 
did  not  develop  simultaneously  in  the  different  organs  and,  as  in 
skeletal  and  cardiac  muscle,  it  appeared  before  visible  myofibrils  had 
differentiated.  Smooth  muscle  has  some  capacity  for  self-differen- 
tiation,  but  according  to  Gossi"*®  this  is  more  limited  than  in  embryonic 
myocardium. 

g.  Blood 

Although  erythropoiesis  takes  place  in  vitro,  for  some  reason  it  does 
not  remain  active  in  culture  for  more  than  a  few  days.  It  has  been 
recorded  in  a  variety  of  embryonic  and  adult  tissues  from  different 

Perhaps  the  most  favourable  ma¬ 
terial  for  observing  the  details  of  erythropoiesis  in  living  tissue  is  pro¬ 
vided  by  small  explants  of  the  presumptive  erythrogenic  mesoderm  of 
an  early  chick  blastoderm®®.  During  the  first  24  hours  the  mesenchyme 
in  the  interior  of  such  a  culture  condenses  into  a  mass  of  actively  divid¬ 
ing,  polyhedral  cells — the  haemangioblast,  surrounded  by  a  sheet  of 
large,  vacuolated  epithelial  cells.  The  erythrogenic  cells  rapidly  dif¬ 
ferentiate  into  small,  almost  spherical  primitive  blood  cells  and  the 
haemangioblast,  or  blood  island,  instead  of  being  flattened  on  the  glass 
becomes  rounded,  and  in  life  ‘looked  like  a  pile  of  round,  glistening 
grapes’  (®®,  p.  504).  Soon  after  this  stage  the  blood  island  disintegrates, 
shedding  the  blood  cells  into  the  culture  medium,  where  they  con¬ 
tinue  to  develop.  The  small,  primitive  blood  cells  enlarge  and  assume 
their  characteristic  oval  form,  but  these  primary  erythrocytes  seldom 
develop  into  mature  erythrocytes.  Haemoglobin  has  been  demonstrated 
spectroscopically  in  the  cultures  but  is  often  visible  to  the  naked  eye. 

Different  parts  of  the  blastoderm  were  isolated  and  their  capacity 
to  form  blood  in  vitro  was  ascertained.  In  this  way  the  region  occu¬ 
pied  by  the  tissue  pre-determined  to  form  haemangioblasts  was  defined. 

Fragments  of  the  area  opaca  survive  in  physiological  saline  alone, 
and  form  epithelial  vesicles  in  which  haematopoiesis  takes  place®®;  if 
the  young  blood  cells  escape  into  the  saline,  however,  they  die.  From 
this  it  appears  that  the  area  opaca  itself  contains  the  necessary  raw 
materials  for  blood -formation  and  produces  plasma  or  a  plasma-hke 


HISTOGENESIS  IN  TISSUE  CULTURE 


433 


fluid  in  which  the  haematopoietic  cells  are  able  to  develop.  In  the  ex- 
planted  blood  islands  of  amphibian  embryos  the  blood  cells  also  seem 
to  develop  in  a  plasma^^®. 

Haemopoiesis  takes  place  in  mammalian  tissue  cultures,  e.g.  in  cul¬ 
tures  of  human  foetal  liver^,  in  which  it  is  quite  active.  Erythropoiesis 
in  mammalian  bone-marrow  is  greatly  stimulated  by  the  addition  to 
the  medium  of  active  liver  extract®^.  Cultures  of  rabbit  or  guinea-pig 
bone-marrow  were  grown  in  homologous  plasma  to  which  were  added 
glucose,  a  carbonate  buffer,  and  either  extract  of  the  animal’s  own  liv^er 
or  some  liver  extract  known  to  be  active  against  pernicious  anaemia. 
Erythropoiesis  was  profuse  in  the  presence  of  an  active  liver  extract 
which  was  effective  in  a  concentration  of  1 : 300,000;  clinically  inactive 
extracts  failed  to  promote  erythropoiesis  in  the  cultures. 


h.  Connective  Tissue  Pigment  Cells 

Connective  tissue  pigment  cells  differentiate  readily  in  vitro^^-^^. 
Mesoderm  from  3-5-day  Black  or  White  Leghorn  chick  embryos  was 
explanted,  no  pigment  cells  being  visible  at  this  stage^®.  After  a  few  days 
they  began  to  differentiate  in  the  explants.  When  they  first  appeared 
the  pigment  cells  were  only  distinguishable  from  fibroblasts  by  the 
presence  of  many  colourless  granules  in  the  cytoplasm;  within  10-12 
hours  these  granules  turned  yeUow,  then  brown,  and  at  the  same  time 
long  branched  arms  of  cytoplasm  were  thrown  out  which  were  in  active 
amoeboid  movement.  When  cultures  of  Black  Leghorn  tissue  were 

grown  in  medium  from  White  Leghorn  fowls,  pigment-formation  was 
unaffected. 

It  has  been  shown  that  the  connective-tissue  pigment  cells  are  derived 
from  the  neural  crest;  when  regions  containing  the  presumptive  neural 
crest  were  cultivated  in  vitro,  pigment  cells  of  the  type  described  above 
developed  in  the  cultures».  If  the  explants  were  taken  from  embryos 
between  the  late  primitive  streak  and  20-somite  stage,  pigment  de¬ 
veloped  only  m  cultures  containing  the  neural  crest;  explants  taken 
om  any  region  lateral  to  the  neural  crest  formed  no  pigment  cells. 
On  the  other  hand,  many  pigment  cells  appeared  in  explants  of  the 
la  eral  mesoderm  taken  from  sUghtly  older  embryos  in  which  the  crest 
cells  had  already  wandered  into  the  adjacent  tissue 

of  diZf  embryos 

different  breeds  .  The  most  intense  pigmentation  occurred  in 

cultures  from  embryos  of  dominant  black  breeds.  Melanophores  how- 

b^d!"  ‘  -d  recessivtwhl 

L  Zront  the  tissue  was  explant^ 

tnmlro  .  Melanophores  from  recessive  whites  were  less  viable  than 

those  from  dominant  whites,  and  these  again  were  much  less  viable  than 
the  melanophores  of  black  breeds^®^. 
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i.  Skin 

There  are  a  few  observations  on  the  development  of  skin  in  vitro^’’’^’^*. 
When  early  ectoderm  from  either  avian  or  mammalian  embryos  is  culti¬ 
vated,  the  various  cell  layers  develop,  and  usually  the  epidermis  kera¬ 
tinizes  precociously  as  compared  with  the  normal.  The  ectoderm  may 
spread  over  the  mesodermal  tissue,  enclosing  it  completely,  or  it  may 
roll  into  an  islet  with  the  Malpighian  layer  outermost  and  the  keratin 
in  the  centre®^.  Histochemical  studies®^  showed  that  eleidine  and  pre- 
eleidine  are  formed  as  in  normal  keratinization. 

j.  Hair 

Hairs  form  in  vitro.  In  explants  of  skin  from  foetal  guinea-pigs  hairs 
developed  in  the  folHcles  or,  if  already  present,  continued  to  grow^^s. 
In  recent  unpubHshed  experiments  by  M.  Hardy  the  skin  of  early  mouse 
embryos  in  which  follicles  had  not  yet  appeared  was  explanted  in  vitro, 
and  both  follicles  and  hair  were  formed  during  cultivation. 

k.  Thyroid 

The  best  example  of  the  development  of  a  gland  in  vitro  is  presented 
by  the  embryonic  chick  thyroid®’^.  The  thyroid  rudiment,  consisting 
of  epithelial  cords  with  no  folhcular  structure  or  colloid  secretion,  was 
removed  from  8 -day  chick  embryos  and  cultivated  in  vitro.  During  the 
next  few  days  follicles  developed  and  colloid  was  secreted  as  actively  as 
in  vivo.  The  course  of  histogenesis  was  similar  to  that  in  the  normal 
embrvo  and  proceeded  at  about  the  same  rate. 

l.  Pituitary 

The  anterior  lobe  of  the  pituitary  of  young  rabbits  has  been  kept  in 
a  partly  differentiated  state  for  3-4  months  by  cultivation  in  the  blood- 
plasma  of  adult  rabbits.  The  explants  seemed  to  retain  at  least  part 
of  their  physiological  activity,  and  w'hen  grown  in  contact  with  other 
tissues,  e.g.  osteogenic  cells,  they  promoted  both  growth  and  differentia- 
tion3i.32.i26  jji  the  adjacent  culture. 

m.  Kidney 

One  of  the  earliest  studies  on  histogenesis  in  vitro  was  made  on  the 
kidney  rudimenti^’.  Fragments  of  the  metanephros  of  early  chick  em¬ 
bryos  were  explanted.  Such  explants  are  very  transparent,  and  it  was 
possible  to  observe  in  the  living  tissue  the  development  of  the  glomeru¬ 
lus  and  S-shaped  convoluted  tubules  and  their  union  with  the  collecting 
tubules.  The  differentiation  of  blood  sinuses,  blood  islands,  and  capil¬ 
laries  was  also  seen. 
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n.  Alimentary  and  Respiratory  Tracts 

The  differentiation  in  vitro  of  complexes  consisting  of  the  rudiments 
of  the  oesophagus,  stomach,  and  duodenum,  combined  with  that  of  the 
respiratory  tract,  has  been  investigated^^;  the  exjDlants  were  obtained 
from  4-5-day  chick  embryos  and  were  cultivated  by  a  special  perfusion 
technique.  A  complete  muscular  coat,  showing  regular  peristaltic  con¬ 
tractions,  developed  round  the  digestive  tube,  and  the  epithelium  and 
subjacent  tissue  gave  rise  to  a  relatively  normal  mucous  membrane. 
The  bronchial  tubes  divided  dichotomously  into  rather  wide  diverticula 
lined  with  flattened  epithelium,  and  a  series  of  cartilaginous  nodules 
differentiated  in  the  walls.  At  the  time  of  explantation  the  mesoderm 
forming  the  wall  of  the  oesophagus  is  indistinguishable  from  that  of  the 
bronchi,  and  its  developmental  specificity  in  the  tv/o  organs  is  striking. 


o.  Ovary 


The  gonads  have  been  cultivated  by  several  workers^®’^'*’^^'’®’®®’^®^.  The 
ovary  develops  in  vitro  more  readily  than  the  testis.  The  foetal  ovaries 
of  rats  and  mice  (Plate  2,  Fig.  5  a)  were  explanted  at  a  stage  when  they 
consisted  of  a  dense  tissue  composed  of  large  oogonia  and  small  somatic 
cells’^.  After  about  2  days’  cultivation  some  of  the  oogonia  entered  the 
first  stages  of  the  meiotic  prophase  (leptotene  and  zygotene)  while  others 
divided  by  ordinary  mitosis;  soon  afterwards  structures  resembling 
Pfliiger  s  cords  appeared,  packed  with  oocytes  and  follicular  cells;  many 
mitoses  were  present  in  the  single-layered  germinal  epithelium.  After 
3  days  the  oocytes  entered  the  contraction  phase,  from  which  most  of 
them  had  emerged  by  the  Gth  day,  to  pass  into  the  pachytene  phase; 
this  was  quickly  followed  by  the  diplotene.  The  nuclei  of  the  oocytes 
entered  a  resting  phase  and  some  of  the  resting  ova  began  to  enlarge, 
though  they  never  acquired  a  zona  pellucida.  Up  to  this  stage  the 
development  of  the  ovary  was  almost  normal,  but  after  this  period  two 
important  abnormalities  appeared:  the  follicular  cells  failed  to  form 
mature  Graafian  follicles,  and  the  ova  did  not  move  towards  the  interior 
of  the  organ.  The  ova,  which  grew  rather  more  slowly  than  in  vivo, 
attained  their  maximum  size  by  about  the  18th  day  of  cultivation 
(Plate  2,  Fig.  5  6),  and  at  body  temperature  the  explant  began  to 
degenerate  after  2C-8  days  in  vitro.  If  cultivated  at  a  subnormal  tem- 
perature  (34°  C.),  however,  the  cultures  remained  healthy  for  more  than 

days.  Ihe  early  stages  of  oogenesis  have  also  been  observed  in 
expJants  of  embryonic  chick  ovaries®^. 


The  effect  of  the  gonadotropic  hormone  on  ovarian  explants  from 
young  mice  has-been  studied®®.  In  some  experiments  combined  cultures 
ere  made  of  the  ovary  and  of  the  anterior  lobe  of  the  hypophysis  in 
others  a  gonadotropic  agent  was  added  to  the  culture  medium  but  no 
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gonadotropic  effect  could  be  demonstrated.  It  was  suggested  that  the 
local  vascular  reaction  produced  by  the  hormone  in  vivo  may  be  a  very 
important  factor  in  obtaining  a  positive  effect;  any  vascular  reaction 
is,  of  course,  eliminated  in  vitro. 

p.  Testis 

V/hen  the  testes  of  infant  mice  were  explanted  before  meiosis  had 
begun’^,  all  stages  of  the  meiotic  prophase  up  to  the  diplotene  took  place 
normally.  Differentiation  stopped  after  about  10  days,  however,  and 
the  explants  reverted  to  an  embryonic  condition  in  which  the  tubules 
contained  only  supporting  elements  and  a  few  large  cells,  presumably 
spermatogonia.  The  explants  survived  and  grew  in  this  simphfied 
condition  for  several  weeks. 

Experiments  have  been  made  on  the  effect  of  cultivating  fragments 
of  testis  from  adult  and  immature  rats  in  plasma  obtained  from  animals 
of  different  ages^^’^^.  Explants  of  adult  testis  rapidly  degenerated  in  all 
media.  The  most  immature  testes  differentiated  to  some  extent  in  blood- 
plasma  from  both  adult  and  young  animals,  as  indicated  by  an  increase 
in  the  interstitial  connective  tissue,  the  formation  of  spermatids,  and 
the  widening  of  the  tubules  with  the  appearance  of  lumina.  The  more 
mature  testes  showed  appreciably  less  development  in  any  medium. 

q.  Eye 

Even  such  a  complex  structure  as  the  eye  possesses  a  remarkable 
capacity  for  self-differentiation  in  vitro^^’^^^.  An  eye  rudiment  of  a  64- 
72-hour  chick  embryo  (Plate  2,  Eig.  7  a)  consists  of  an  undifferentiated 
multi-layered  retina  covered  externally  by  the  cubical  epithehum, 
usually  unpigmented,  of  the  tapetum,  and  a  simple  vesicular  lens.  If 
such  a  rudiment  is  isolated  and  grown  in  culture,  the  retina  forms  all 
the  different  zones  of  the  pars  optica  (Plate  2,  Fig.  7  6),  viz.  cones,  inner 
and  outer  plexiform  layers,  ganglion  cells,  and  nerve  fibre  layer,  the 
pars  ciliaris  retinae  differentiates,  the  tapetum  becomes  densely  pig¬ 
mented,  and  the  vesicular  lens  forms  fibres.  Differentiation  proceeds  at 
almost  the  normal  rate,  although  the  explants  attain  a  maximum  size 
of  only  1-2  mm.;  thus  inhibition  of  normal  cellular  multiplication  is  not 
necessarily  correlated  with  inhibition  of  normal  differentiation.  T  e 
shape  of  the  eyeball  is  hopelessly  distorted,  probably  owing  to  the 

absence  of  the  firm,  supporting  sclerotic.  ,40111 

Similar  results  have  been  obtained  with  the  foetal  rat  eye^^^-i  . 
were  removed  from  14-dav  rat  embryos,  at  which  stage  there  is  ^e^V 
little  histological  differentiation;  after  15  days’  cultivation  they  hau 
developed  a  pigmented  ciliary  body  and  a  retina  with  ganglion  ce 
layer,  inner  fibre  layer,  and  young  rods.  As  in  the  chick  eyes  differeii 
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tion  proceeded  at  a  nearly  normal  rate,  although  growth  was  even  more 

restricted  than  in  the  avian  eye  rudiment. 

Explants  of  the  chicken  eye  rudiment  have  been  used  to  investigate 
the  induction  and  regeneration  of  the  lens^^^’^^®.  It  was  shown  that  the 
optic  vesicle  of  2-5-day  chick  embryos  is  able  to  induce  a  lens  in  non- 
presumptive  ectoderm;  at  first  all  the  ectoderm  has  this  capacity  for 
lens  formation,  but  later  in  development  only  the  head  ectoderm  and 
finally  only  the  presumptive  corneal  region  respond.  Up  to  the  4th  day 
of  embryonic  life  the  explanted  eye  cup  can  regenerate  a  lens  from  the 
border  of  the  iris,  and  in  explants  of  3-day  eyes  a  lens  can  be  regenerated 
even  from  the  pigment  layer. 

r.  Ear 

The  avian  otocyst  differentiates  in  culture  as  readily  as  the  eye^®. 
When  removed  from  3-day  embryos  it  formed  all  the  epithelial  consti¬ 
tuents  of  the  fully  developed  auditory  labyrinth,  and  regions  identical 
in  histological  structure  with  the  normal  ductus  and  saccus  endolym- 
phaticus,  sensory  areas  including  Corti’s  organ,  and  the  tegmentum 
vasculosum,  developed  in  vitro.  Although  the  principal  structures  ap¬ 
peared  in  approximately  the  same  relative  positions  as  in  the  normal 
embryonic  lab3a’inth,  the  explants  showed  only  slight  indications  of  a 
gross  anatomical  differentiation,  and  tended  to  retain  the  primitive 
vesicular  form.  As  in  the  eye  cultures,  the  rate  of  differentiation  was 
almost  normal,  while  the  rate  of  growth  was  enormously  retarded. 

s.  Nervous  Tissue 

Finally  we  come  to  the  differentiation  in  vitro  of  nervous  tissue.  It  is 
interesting  to  recall  that  the  tissue-culture  technique  was  originally 
devised  by  Ross  Harrison  for  his  classical  experiments  on  nerve  out¬ 
growth.  Harrison^®  explanted  a  piece  of  embryonic  amphibian  nerve 
cord  in  a  hanging  drop  of  lymph;  nerve  fibres  grew  out  from  the  cord 
into  the  surrounding  medium,  thus  settling  the  controversy  as  to  whether 
the  axon  was  formed  by  an  outgrowth  from  the  nerve  cell  or  was  secreted 
by  the  sheath  cells. 

Since  Harrison  s  publications  appeared  much  work  has  been  done 
on  the  cultivation  of  nervous  tissue  from  many  different  species.  As 
G.  Levi  points  out,  however,  in  his  comprehensive  review  of  the  sub- 
ject®*,  it  is  unwise  to  draw  conclusions  about  the  normal  development 
of  nervous  tissue  in  vivo  from  observations  made  in  vitro,  since  the 
differentiation  of  nervous  tissue  in  culture  soon  becomes  atypical;  on 
the  other  hand,  cultures  of  nerve  tissue  are  valuable  for  studying  the 
biological  properties  of  the  nerve  elements. 

When  a  fragment  of  embryonic  nervous  tissue  is  explanted  in  vitro 
neurites  soon  emerge  from  the  explant,  elongate,  and  often  branch;  the 
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outgrowth  is  largely  effected  by  amoeboid  activity  at  the  tips  of  the 
fibres.  Neuroblasts  and  supporting  elements  also  migrate  from  the  ex- 
plant,  and  under  suitable  cultural  conditions  a  complex  network  of  cells 
and  fibres  is  formed  which  may  survive  for  weeks  or  even  months^^.sz^ 
Cultures  of  human  foetal  brain  have  been  kept  in  a  healthy  differen¬ 
tiated  state  for  more  than  140  days^°.  Ependymal  cells  from  early 
human  embryos  also  remained  differentiated  and  functional  in  vitro  for 
long  periods'*^;  they  formed  vesicles  lined  by  ciliated  columnar  epithe¬ 
lium,  the  cilia  of  which  were  beating  actively  83  days  after  explantation. 

Adult  human  sympathetic  ganglion  cells  survived  and  multiplied  in 
vitro  for  several  months®^  and  presented  features  which  in  vivo  charac¬ 
terize  foetal  and  regenerating  ganglion  cells.  Many  ganglion  cells  (Plate 
2,  Fig.  8)  migrated  from  the  explant  for  a  distance  of  several  millimetres, 
and  some  underwent  mitotic  division;  thej;  did  not  become  organized 
into  a  tissue  or  form  synaptic  relationships.  Ganghon  cells  in  the  ex¬ 
plant  frequently  produced  branching  nerve  fibres  which  extended  for 
about  2  mm.  into  the  medium  and  survived  for  months;  they  were  often 
closely  invested  by  Schwann  cells,  which  migrated  and  divided  as  in 
normal  development. 

The  examples  of  nerve  growth  in  vitro  quoted  above  do  not  refer  to 
a  progressive  differentiation  in  vitro  equivalent  to  that  which  takes  place 
in  normal  embryonic  life.  Normal  differentiation  may  occur  in  cultures, 
however.  Thus,  in  explants  of  the  medulla  of  the  early  chick  embryo 
the  motor  neuroblasts  develop  from  an  apolar  to  a  bipolar  condition^^^, 
and  ganglion  cells  change  from  a  bipolar  to  a  unipolar  state^®^.  There 
is  evidence  that  the  normal  development  of  nerve  tissue  is  promoted 
by  and  in  some  cases  may  entirely  depend  upon  association  with  other 
tissues.  For  example,  it  has  been  shown^^^  that  the  neural  canal  from 
chick  embryos  of  less  than  32  hours’  incubation  does  not  differentiate 
in  vitro  unless  it  is  accompanied  by  the  tissues  which  normally  surround 
it;  on  the  other  hand,  similar  explants  from  32-6-hour  chicks  are  able 
to  differentiate  in  complete  isolation. 

Probably  the  most  complete  example  of  neuro-histogenesis  in  vitro  is 
seen  in  the  development  of  the  autonomic  nerve  plexus  in  compound 
explants  of  the  oesophagus,  stomach,  and  duodenum®®.  Here  again  the 
striking  normality  of  the  developmental  process  was  probably  due  to 
the  fact  that  the  neurogenic  elements  were  in  the  normal  morphological 
surroundings.  In  these  experiments  the  cultures  were  prepared  in  the 
same  way  as  those  described  on  p.  436,  and  the  development  of  the 
nerve  plexus  could  be  studied  from  day  to  day  in  the  living  cultures 
as  well  as  in  fixed  material.  The  neuroblasts,  which  at  first  resembled 
mesenchyme  cells,  remained  in  connexion  with  each  other  throughout 
their  differentiation,  their  cytoplasmic  processes  developing  into  nerve 
fibres.  Later,  the  scattered  network  of  neuroblasts  congregated  into 
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dense,  compact  groups  like  those  which  characterize  the  normal  peri- 
pheral  autonomic  nervous  system. 

iv.  Future  Applications 

Examples  of  the  differentiation  in  vitro  of  a  wide  range  of  tissues 
have  been  described  in  this  chapter,  but  although  this  type  of  tissue 
culture  has  been  applied  to  many  different  problems,  the  method  could 
be  exploited  far  more  extensively  than  has  been  done  hitherto. 

In  particular,  it  is  astonishing  that  so  little  work  has  been  done  on 
the  metabolism  of  differentiated  tissues  in  culture.  For  example,  while 
there  is  a  large  literature  on  the  nutritional  requirements  of  unorganized 
tissue  in  vitro,  hardly  anything  is  known  about  the  special  nutritional 
needs  of  the  various  types  of  differentiated  tissue;  yet  it  is  a  matter 
of  common  experience  that  such  tissues  are  usually  very  sensitive  to 
alterations  in  the  culture  medium23.32.83, as  -phe  fact  that  so  many 
kinds  of  tissue  can  be  grown  in  a  state  of  nearly  normal  differentiation 
when  completely  isolated  from  the  complicating  influences  of  the 
body  as  a  whole  would  seem  to  offer  a  unique  opportunity  for  investi¬ 
gating  their  physiological  requirements  with  a  precision  that  could 
hardly  be  achieved  by  any  other  method.  Differentiated  tissue  cultures 
bear  a  much  closer  relation  to  the  tissues  of  the  normal  body  than  do 
unorganized  cultures,  although  the  latter  provide  very  valuable  material 
for  studying  the  general  problems  of  growth,  and  it  seems  likely  that 
conclusions  drawn  from  observations  on  a  histologically  normal  tissue 
in  vitro  would  largely  apply  to  the  same  tissue  in  the  intact  animal. 

In  the  writer’s  experience  the  chief  difficulty  in  growing  organized 
tissue  lies  not  in  the  culture  technique,  which  is  relatively  simple,  but 
in  preparing  and  handling  the  tissue;  this  may  require  considerable 
manipulative  skill,  since  the  explants  must  often  be  obtained  from  early 
embryos,  and  their  dissection  must  be  accomplished  with  minimal 
damage  to  the  cells.  Collaboration  between  a  biochemist  and  someone 
who  is  not  only  experienced  in  the  technique  of  growing  organized  tissues 
but  also  possesses  an  intimate  knowledge  of  histology  and  morpho¬ 
genesis  might  yield  results  of  the  greatest  interest  and  importance,  and 
it  is  to  be  hoped  that  work  along  these  lines  will  soon  be  undertaken. 

I  am  indebted  to  Dr.  A.  Gliicksmann  for  helpful  criticisms  and  sug¬ 
gestions,  and  to  Mr.  V.  C.  Norfield  for  the  preparation  of  the  plates. 
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DESCRIPTION  OF  PLATES 

PLATE  1 

Fig.  1.  Intercellular  fibres  formed  in  a  culture  of  perivascular  tissue  from  a 

9-day  chick  embryo.  (After  Momigliano-Levi®’.) 

Fig.  2.  a.  Culture  of  endosteum  from  the  tibia  of  a  21 -day  chick  embryo, 
8  days  after  the  removal  of  the  original  bone  explant  (see  p.  426).  New  bone  is 
being  formed  in  the  undisturbed  interior  of  the  culture  (section  parallel  to  the 

plane  of  the  cover-slip).  u  xj  tj 

b.  The  field  marked  in  2  a  seen  imder  higher  magnification  (culture  by  H.  H. 

Fell).  .  ,  ... 

Fig.  3.  a.  Ten-day  culture  of  periosteum  stripped  from  the  unossined  tibia 

of  a  6-day  chick  embryo.  A  plate  of  bone  has  developed  in  vitro  (section  at  right 

angles  to  the  plane  of  the  cover-slip). 

6.  The  field  marked  in  3  a  seen  under  higher  magnification  (culture  by  H.  B. 
Fell). 

Fig.  4.  a.  Frontal  section  through  the  mandible  of  a  3-day  chick  embryo. 
On  the  left  {ex)  the  chondrogenic  area  of  the  imdifferentiated  mesoderm  has  been 
excised  and  explanted  in  vitro. 

b.  The  explant  removed  from  the  mandible  shown  in  Fig.  4  a  after  8  days’ 
cultivation  in  vitro.  A  rod  of  hyaline  cartilage  has  developed  in  the  culture. 
(After  Jacobson  and  FelP^^  by  courtesy  of  the  Quarterly  Journal  of  Microscopical 
Science.) 


PLATE  2 

Fig.  5.  a.  Normal  (control)  ovary  from  a  19-20-day  rat  embryo. 

b.  Opposite  ovary  from  the  same  embryo  after  21  days’  cultivation  in  vitro. 
Typical  Graafian  follicles  have  developed  during  cultivation,  and  the  nuclei  of 
the  oocytes  have  entered  the  resting  stage.  (After  Martino vitch,’^  by  courtesy 
of  the  Royal  Society.) 

Fig.  6.  Cross -striated  muscle  ribbon  from  a  20-day  culture  of  adult  human 
muscle.  (After  Pogogeff  and  Murray^^^,  by  courtesy  of  the  Wistar  Institute  Press.) 

Fig.  7.  a.  Normal  (control)  retina  of  a  3-day  chick  embryo.  At  this  stage  the 
retina  (re)  consists  of  an  imdifferentiated  many-layered  epithelium,  covered  ex¬ 
ternally  by  the  cubical  epithelium  of  the  tapetum  (<). 

b.  The  retina  from  the  opposite  eye  of  the  same  embryo,  after  9  days’  cultiva¬ 
tion  in  vitro.  The  rods  (r),  outer  nuclear  layer  (on),  outer  plexiform  layer  (op), 
inner  nuclear  layer  (in),  inner  plexiform  layer  (ip),  and  ganglion  cell  layer  (gc) 
have  developed  in  vitro  (culture  by  T.  S.  P.  Strangeways  and  H.  B.  Fell). 

Fig.  8.  Stellate  ganglion  cell  in  a  42-day  culture  of  an  adult  human  sympathetic 
ganglion,  (ax  =  axon.)  (After  Murray  and  Stout®'*,  by  courtesy  of  the  Wistar 
Institute  Press.) 


CHAPTER  XI 

SOME  ASPECTS  OF  EVOLUTIONARY  CYTOLOGY 

E.  N.  WILLMER 

i.  Introduction 

Histology  and  C3rt0l0gy  are  subjects  which  have  been  largely 
stimulated  by  the  applications  which  they  have  to  medicine.  For 
this  reason  mammalian  and  particularly  human  structures  tend  to  have 
been  studied  as  ends  in  themselves.  This  very  specialization  on  the 
structures  of  higher  animals  and  man  may,  however,  be  the  cause  of 
certain  misunderstandings  and  false  theories  which  could  never  have 
arisen  if  a  broader  base  had  been  adopted  for  the  histological  edifice. 
From  this  point  of  view  the  human  body  may  perhaps  be  compared  to 
a  city  like  London.  A  stranger  from  another  country  deposited  in 
London  and  having  no  knowledge  of  its  history  would  find  it  difficult 
to  understand  the  significance  to  be  attached  to  the  name  of  a  street 
called  Poultry,  or  to  men  wearing  long  black  gowns  and  white  wigs  in 
some  picturesque  but  not  very  ecclesiastical-looking  buildings  called  the 
Inner  Temple.  Yet  all  these  things  make  sense  if  seen  in  relation  to 
their  place  in  the  history  of  the  great  city.  They  are  in  a  sense  natural 
evolutionary  products  of  the  growth  of  the  city  from  its  early  begin¬ 
nings,  just  as  in  the  human  body  the  ear,  for  example,  is  what  it  is  and 
where  it  is  because  it  has  evolved  from  earher  structures,  such  as  the 
lateral  fine,  the  spiracle,  and  the  bones  which  formed  part  of  the  suspen¬ 
sion  of  the  jaw  in  animals  lower  in  the  evolutionary  hierarchy. 

On  the  large  scale,  all  this  is  very  obvious  and  well  recognized  but, 
curiously  enough,  the  evolutionary  approach  has  been  far  less  in  evi¬ 
dence  in  studies  of  cytological  and  histological  material.  For  the  solu¬ 
tion  of  certain  problems,  however,  a  study  of  both  ontogeny  and 
phylogeny  may  have  very  significant  contributions  to  make.  Animals 
and  plants  have  contrived  such  extraordinary  and  apparently  unhkely 
adaptations,  both  structural  and  functional,  that  one  tends  to  think 
that  Nature  can  produce  what  she  wants,  wherever  and  whenever  she 
wants  it.  Even  if  this  were  true,  it  would  obviously  be  much  easier  for 
her  to  produce  her  structures  in  some  places  than  in  others ;  for  example, 
she  apparently  found  it  easier  to  put  the  ears  of  mammals  in  the  head, 
but  in  grasshoppers  the  materials  which  could  most  easily  be  adapted 
to  the  function  of  hearing  were  more  readily  available  in  the  legs,  and 
so  the  grasshopper  hears  by  means  of  ears  in  its  legs.  In  general,  it  may 
be  concluded  that  an  organ  is  what  it  is  and  where  it  is  because  of  its 
previous  history;  so,  in  particular,  a  cell  behaves  according  to  its  previous 
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history,  where  this  means  not  only  its  embryological  history  but,  more 
fundamentally,  its  evolutionary  history.  A  few  examples  may  empha¬ 
size  the  significance  of  this  approach  to  cytological  problems. 

ii.  Examples  of  Cytological  Evolution 
a.  Cells  of  the  Pancreas 

It  is  common  knowledge  that  the  islets  of  Langerhans  are  specialized 
patches  of  tissue  in  the  pancreas,  with  the  curious  property  of  respond¬ 
ing  to  increase  in  the  glucose  content  of  the  blood  which  bathes  them 
by  liberating  insulin  into  the  blood.  On  the  face  of  it,  this  looks  like  an 
act  of  God,  and  students  of  human  physiology  have  to  remember  it. 
Nevertheless,  embryology  shows  clearly  that  the  islets  develop  as  abor¬ 
tive  outgrowths  of  the  ducts  of  the  pancreas  and  that  they  are  thus 
composed  of  modified  duct  cells.  Moreover,  the  ducts  are  outgrowths 
of  the  wall  of  the  duodenum,  and  from  an  evolutionary  point  of  view 
may  be  regarded  as  a  specialization  of  the  glands  of  the  duodenal  mu¬ 
cosa.  The  origin  of  these  glands  themselves  is  a  matter  worthy  of  further 
investigation  and,  as  will  be  shown  later,  may  perhaps  be  found  in  the 
vagaries  of  another  system,  altogether  different  from  the  alimentary 
canal.  The  duodenal  mucosa  is  a  structure  specialized  for  absorption 
as  well  as  secretion,  and  there  would  be  obvious  advantage  to  be  gained 
if  the  mucosa,  at  the  same  time  as  it  passed  glucose  from  the  gut  into 
the  blood,  also  liberated  the  substance,  insulin,  which  made  the  glucose 
available  to  the  tissues.  It  is  therefore  interesting  to  find  that  in  the 
ammocoete  larva  of  the  lamprey,  an  organism  which  may  be  regarded 
as  an  extremely  primitive  vertebrate  and  which  does  not  possess  a  true 
pancreas,  there  are  to  be  found  certain  islands  of  cells,  called  the  follicles 
of  Langerhans  (Boenig^®),  situated  in  the  submucosa  of  the  alimentary 
canal  at  the  junction  between  the  fore-gut  and  mid-gut.  The  cells  prob¬ 
ably  arise  by  budding  off  from  the  duodenal  mucosa  and  sinking  into 
the  submucous  connective  tissue  (Text-fig.  1).  They  then  lose  their 
connexion  with  the  intestine  and  become  very  well  supplied  with  blood¬ 
vessels.  Their  destruction  causes  a  significant  rise  in  the  level  of  sugar 
in  the  blood.  In  all  probability,  therefore,  these  cells  are  endocrine  in 
function,  secreting  an  insulin-like  substance,  and  they  can  probably  be 
regarded  as  homologous  with  the  islets  of  Langerhans  in  higher  animals 
(Barrington^®).  The  intestinal  epithelium  itself  is  interesting  in  the  same 
region,  for  it  contains  cells  unlike  those  of  the  rest  of  the  alimentary 
canal  in  that  they  contain  more  zymogen  granules,  have  basophil  cyto¬ 
plasm,  and  nuclei  with  pronounced  nucleoli  (Text-fig.  2).  These  cells 
produce  a  trypsin-like  enzyme  and  clearly  suggest  comparisons  with  the 
exocrine  portion  of  the  pancreas  (Barringtonio-12).  In  the  ammocoete, 
therefore,  there  seem  to  be  present  in  the  intestinal  epithelium  and  its 
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submucous  connective  tissue  all  the  necessary  ingredients  for  the  pro¬ 
duction  of  the  true  pancreas  of  higher  forms,  an  organ  which  then 
develops  in  the  form  of  outgrowths  from  the  duodenal  mucosa. 

Moreover,  the  propensity  of  the  cells  of  the  follicles  of  Langerhans  to 


Pancreatic 

follicle 


Intestinal 
Epithelium 

Text-fkj.  1.  Section  through  tlie  region  of  tlie  anterior  intestine  in  the 
ammocoete  larva  of  Fetromyzon,  showing  the  position  of  the  follicles  of 

Langerhans.  (From  Boenig^®.) 


Zymogen  cell 
Col  umnar  cell 


Ciliated  cell 

Tp:xt-fig.  2.  Cells  from  the  epithelium  of  the 
intestine  of  Fetromyzon,  showing  the  three  tj^pes 
of  cell.  (From  Barrington*®.) 

leave  the  epithelium  proper  and  to  sink  into  the  submucous  layers  must 
have  some  significance.  A  similar  outgrowth  of  cells  leads  to  the  forma¬ 
tion  of  the  glands  of  Brunner  in  higher  mammals  and  man,  though  in 
these  glands  the  connexion  with  the  gut  epithelium  is  not  entirely 
severed.  The  glands  of  the  oesophagus  in  higher  animals  also  show 
similar  characteristics.  If,  then,  the  glands  of  Brunner  and  the  cells  of 
the  islands  of  Langerhans  are  both  derived  in  this  manner  from  cells 
related  to  those  in  the  primitive  follicles  of  Langerhans,  further  com¬ 
parisons  between  the  two  may  bring  to  light  new  features  in  their 
physiology.  On  the  same  lines,  the  control  of  the  secretion  of  the  pan¬ 
creas  by  means  of  hormones,  secretin,  and  pancreozymin  becomes  more 
intelligible  when  the  probability  of  a  common  origin  for  the  exocrine 
cells  of  the  pancreas  and  the  epithelium  of  the  mucosa  of  the  duodenum 
is  kept  in  mind. 

h.  Cells  of  the  Retina 

Another  group  of  tissues,  upon  whose  interrelationships  the  evolu¬ 
tionary  approach  may  give  valuable  information,  includes  the  retina 
and  its  associated  structures.  The  retina  of  the  human  eye  presents  an 
extremely  complicated  histological  picture;  it  is  apparently  inside  out 
and  possesses  two  types  of  receptor  cell,  one  of  which  is  concerned  .with 
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vision  in  ordinary  daylight  and  the  other  functions  at  very  low  bright¬ 
ness  levels,  thus  providing  for  day  and  night  vision  respectively,  buch 
is  the  impression  created  in  the  mind  by  the  average  description  of  the 
eye  in  physiological  text-books.  But  a  study  of  the  evolution  of  the  eye 
and  of  its  embryology  opens  up  numerous  fascinating  relationships 
between  the  cells  concerned  and  suggests  endless  problems  for  research. 

As  Text-fig.  3  shows,  the  eyes  develop  from  groups  of  cells  of  the 
neuro-epithelium,  which  in  the  embryo  amphibian  appear  as  two  slightly 

Foveolae 


Text-fig.  3.  The  foveolae  opticae  in  the  developing  frog. 


pigmented  structures,  the  foveolae  opticae.  Unfortunately  there  appear 
to  be  no  animals  which  show"  the  all-important  stages  by  which  the 
pattern  of  the  vertebrate  eye  was  first  evolved,  and  various  theories 
have  been  put  forward  to  account  for  the  exact  manner  in  w"hich  the 
retina  attains  its  inverted  form.  There  is,  however,  general  agreement 
that  its  cells  are  derived  from  the  neuro-epithelium,  and  in  particular 
from  certain  cells  in  it  which,  in  earlier  forms,  were  presumably  sensitive 
to  light.  The  formation  of  melanin  pigment  was  also  a  characteristic 
of  these  cells,  and  may  indeed  have  been  partly  responsible  for  their 
sensitivity  to  light.  The  cells  of  the  neuro-epithelium,  of  course,  mainly 
give  rise  to  the  neural  tube  and  hence  to  the  nervous  system  in  general, 
together  wdth  its  lining  of  ciliated  ependymal  cells.  Such  ependymal 
cells  are  visible  in  the  optic  nerve  of  lampreys  and,  as  wdll  be  showm, 
cells  coiTesponding  to  the  ependymal  cells  of  the  neural  tube  play  a 
prominent  part  in  the  development  of  the  retina,  ciliary  processes,  and 
iris.  The  cells  of  the  primitive  neuro-epithelial  plate,  which  lie  lateral  to 
the  foveolae  opticae,  as  they  fold  inwards  in  the  formation  of  the  neural 
tube,  become  the  last  to  be  included  in  the  tube,  or  they  may  just  escape 
inclusion  and  then  contribute  to  the  ‘neural  crest’  tissue.  Thus  the  cells 
of  the  foveolae  opticae  lie  in  the  neuro-epithelium  in  a  position  which 
is  intermediate  between  the  neural  plate  proper  and  the  presumptive 
neural  crest.  They  may,  in  consequence,  be  expected  to  display  certain 
affinities  to  the  cells  in  both  groups.  Embryologically  there  seems  to 
be  a  gradient  of  neural  properties  from  the  centre  of  the  floor  of  the 
neural  plate  outwards  towards  the  general  ectoderm  of  the  body,  and 
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the  neural  crest  lies  towards  the  outside  limit  of  this  gradient  system. 
Now  if  the  formation  of  melanin,  for  example,  is  considered  together 
with  another  process  which  is  probably  akin  to  melanin  formation  and 
w^hich  certainly  involves  a  special  form  of  tyrosine  metabohsm,  namely, 
adrenaline  formation,  it  will  be  found  that  these  activities  are  normally 
restricted  in  the  body  to  the  ectodermal  epithelium  and  the  neuro¬ 
epithelium.  They  are  most  developed  in  the  intermediate  zone  just  de¬ 
scribed,  namely,  the  neural  crest  and  its  derivatives.  It  has  been  shown, 
both  in  amphibia  (Du  Shane^®)  and  in  birds  (Dorris^®’^'^;  Easthck^^),  that 
this  tissue  probably  gives  rise  to  all  the  melanophores  of  the  animal, 
and  it  is  generally  agreed  to  be  the  seat  of  origin  of  the  chromaffin  tissue, 
adrenal  medulla  cells,  and  the  cells  of  the  sympathetic  ganglia.  The 
cells  belonging  to  the  other  ganglia  of  the  body  emerge  either  from 
neural  crest  tissue  or  from  the  upper  parts  of  the  neural  tube  itself. 
The  pia  mater  is  also  a  neural  crest  derivative,  so  that  the  pigmented 
structures  associated  with  this  membrane  thus  fall  into  hne;  these  in¬ 
clude  the  pigment  cells  of  the  choroid  of  the  eye,  since  the  latter  probably 
arises  by  modification  of  the  cells  which  elsewhere  form  the  pia  mater. 
The  formation  of  the  pigment  may  be  even  more  restricted  to  this  zone 
than  the  above  account  suggests,  for  if  the  hypothesis  (Billingham^^) 
that  the  dendritic  cells  of  the  skin  provide  the  melanin  for  the  normal 
epithelial  cells  of  the  epidermis  is  substantiated,  and  it  seems  hkely  that 
the  dendritic  cells  have  their  origin  in  the  neural  crest,  then  it  would 
appear  that  only  neural  crest  cells  and  their  immediate  neighbours 
might  have  this  power,  for  the  pigment  which  occurs  in  nerve  cells 
proper  is  very  restricted  and  may  have  some  special  cause  of  its  own. 
The  pigment  layer  of  the  retina,  including,  of  course,  that  of  the  iris, 
clearly  falls  within  the  same  group,  as  can  be  seen  by  a  study  of  Text-figs. 
4  and  5,  which  show  the  relationship  between  the  different  parts  of  the 
eye  as  it  develops  by  the  invagination  of  the  optic  vesicle.  There  is  a 
continuous  epithelial  layer  from  the  fining  of  the  neural  tube,  the  future 
ependyma,  via  the  pigment  epithelium  of  the  retina,  the  pigmented 
epithelium  of  the  ciliary  processes,  and  the  pigment  layer  of  the  iris, 
which  doubles  back  on  itself,  loses  its  pigment  as  it  again  covers  the 
ciliary  processes,  and  finally  becomes  the  layer  of  cells  which  are  con¬ 
verted  into  rods  and  cones.  Thus  the  cells  of  the  neural  crest  and  its 
immediate  neighbours  seem  to  have  ‘made  a  corner’  in  a  special  form 
of  tyrosine  metabolism,  which  may  culminate  either  in  the  formation 
of  melanin  or  of  adrenaline. 

An  interesting  feature  of  the  melanin-containing  cells  is  presented  by 
a  comparison  between  the  pigmented  cells  of  the  choroid  and  those  of 
the  pigment  layer  of  the  retina  (Text-fig.  6).  The  latter  are  purely 
epithelial;  all  the  cells  are  adherent  to  each  other  and  closely  packed 
into  a  hexagonal  pattern.  The  cells  of  the  choroid,  on  the  other  hand, 
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are  amoeboid  and  irregular  in  shape;  they  occur  as  isolated  cells  and 
have  no  tendency  to  adhere  to  each  other.  The  melanophores  of  frogs 
and  birds  and  the  dendritic  cells  of  the  skin  behave  like  the  choroid 


Text-fig,  4.  Diagram  showing  the  origin  and  development  of  the  retina  from  the 

optic  vesicle. 


Text-fig.  5.  The  cell  layers  in  the  developing  retina  and  associated  structures. 


cells.  The  nature  of  the  relationship  between  these  two  cell -types  is 
clearly  a  problem  worthy  of  investigation.  The  pigment  epithelium  in 
t  e  eyes  of  animals  like  the  sheep  may  throw  light  on  these  problems 
because  it  is  often  found  to  be  pigmented  only  in  patches  and,  as  already 
indicated,  the  ciliary  processes  are  covered  by  one  pigmented  and  one 

of  the  amoeboid  pigment  cells 

Qg 
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in  the  substance  of  the  iris  can  be  shown  to  be  directly  derived  from 
the  adjacent  pigment  epithelium  (Lewis'*^).  One  or  two  other  types  of 
cellular  behaviour  in  the  eye  would  become  more  intelligible  if  the 
neuro-epithelium  had  a  dual  character,  and  the  matter  will  be  taken  up 
again  later  in  another  connexion.  Meanwhile,  it  may  be  supposed  that 
when  the  pigmented  neural  crest  cells  leave  the  epithehum  and  sink 
into  the  underlying  mesenchymal  tissues  they  acquire  the  amoeboid 


Text-fig  .  6.  Pigment  cells  from  the  pigment  layer  of  the  retina  and  from  the  choroid. 

form  seen  in  the  cells  of  the  choroid,  and  the  further  problem  is  raised 
as  to  the  nature  of  the  change  w'hich  has  occurred  to  cause  certain  cells 
to  leave  the  surface  and  undergo  this  alteration  of  form  and  behaviour. 
The  same  problem  arises  in  connexion  with  the  iris. 

The  derivation  of  the  optic  vesicle  from  the  neural  tube  and  the  homo¬ 
logy  between  the  rod  and  cone  cells  and  the  cells  which  line  the  neural 
tube  is  emphasized,  even  in  the  human  embryo  (Mann^^),  by  the  fact 
that,  when  the  rods  and  cones  begin  to  develop  and  to  differentiate 
histologically,  the  first  structures  which  appear  are  flagella,  and  the 
form  of  the  cell  is  essentially  that  of  the  ependymal  cell.  It  is  only  later 
that  the  flagella  are  modified  into  the  outer  segments  of  the  rods  and 
cones  (Text-fig.  7). 

Another  important  feature  of  this  layer  of  cells  which  lines  the  original 
optic  vesicle  is  that  it  gives  rise  to  cells  which  are  light-sensitive,  not 
so  much  in  the  sense  that  they  set  up  nerve  impulses  in  the  sensory 
nerve  fibres  connected  with  them,  but  in  that  they  wdll  respond  to  light 
by  actual  movement  themselves.  This  response  is  sometimes  direct  and 
sometimes  secondary.  In  the  latter  case  it  is  initiated  by  other  more 
sensitive  cells  of  the  same  group,  e.g.  the  cells  of  the  retina  proper,  and 
then  relayed  to  the  cells  in  question,  the  effector  cells,  either  by  hor¬ 
mones  or  by  nerves.  A  clear  example  of  this  is  found  in  the  sphincter 
and  dilator  pupillae  muscles,  for  these  are  direct  derivatives  of  the 
epithelium  which  lies  along  the  posterior  surface  of  the  iris,  w'here  it 
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generally  becomes  heavily  pigmented  (see  Text-fig.  5).  In  some  animals 
they  are  true  myo -epithelial  cells  in  which  the  contractile  portion  forms 
an  inner  process  of  an  otherwise  typical  columnar  epithelial  cell.  In 
elasmobranch  fishes  these  muscles  respond  directly  to  light,  i.e.  they 
are  independent  effectors  (Walls®^).  The  sphincter  contracts  and  the 
dilator  relaxes.  In  higher  vertebrates  the  same  effects  are  produced  by 
light,  but  through  the  intervention  of  either  nerves  or  hormones  or  both. 


Cone  Rod 


Text-fig.  7.  Stages  in  the  development  of  the  rods  and  cones  in  the  human  eye. 


Another  example  of  this  mechanical  response  to  light  is  seen  in  the 
rods  and  cones  themselves.  In  many  fish  [Ameiurus,  for  example),  when 
fight  shines  on  the  eye  it  causes  the  contractile  portions  of  the  inner 
segments  of  the  cones,  the  myoids,  to  contract  and  those  of  the  rods  to 
extend  (Text-fig.  8)  (Detwiler^^).  In  fishes  it  is  probable  that  such 
reactions  are  essentially  direct  photomechanical  changes,  but  they  are 
often  controlled  secondarily  by  nerves  or  hormones.  In  the  frog  there 
is  a  similar  response  by  the  cones,  but  it  depends  on  the  action  of  adrena¬ 
line.  In  higher  vertebrates  such  responses  only  occur  sporadically,  and 
in  man  there  is  not  much  evidence  to  suggest  that  the  photoreceptors 
have  any  power  of  movement  at  all. 


A  third  example  of  the  response  to  fight  on  the  part  of  the  ceUs  of 
the  neuro-epithelial  layer  in  the  eye  is  the  movement  of  nicrmAnf,  ^rrannloo 
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action  in  the  frog  is  interesting  in  another  way,  for  it  is  exactly  the 
opposite  of  the  reaction  of  the  melanophores  elsewhere  in  the  body  to 
adrenalin,  for  these  latter  generally  contract  to  this  hormone  and  ex¬ 
pand  to  the  hormone  produced  from  the  pars  intermedia  of  the  pituitary 
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Text-fig.  8.  Diagram  showing  the  position  of  the  rods  and  cones  in  the 
retina  of  Amtiurus  imder  conditions  of  light-  and  dark -adaptation. 
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Text-fig.  9.  Diagram  showing  the  position  of  the  pigment  in  the  retina 
of  the  frog  under  conditions  of  light-  and  dark-adaptation. 


body.  This  again  raises  the  question  of  the  relationship  between  these 
two  types  of  melanin-containing  cells,  and  also  the  question  raised 
earher  as  to  whether  the  pigment  epithelium  contains  actually  two  types 
of  cells  whose  functions  are  fundamentally  opposed  to  each  other,  one 
type  responding  to  adrenahn  while  the  other  responds  to  acetyl  choline, 
as  in  the  two  types  of  pupillary  muscles.  The  differential  response  to 
light  on  the  part  of  rods  and  cones  might  then  be  explicable  on  the  same 
lines.  The  neural  crest  cells  clearly  show  this  duality,  in  that  there  arise 
from  this  layer  the  cells  of  the  sympathetic  and  parasympathetic  gangha. 
Thus  there  is  seen  to  be  a  further  parallehsm  between  the  neural  crest 

cells  and  the  cells  found  in  the  eye. 

In  frogs  and  birds  it  has  been  shown  that  the  neural  crest  is  the  tissue 
from  which  arise  not  only  the  melanophores  but  also  the  lipophores, 
which  are  wandering  cells  containing  carotenoid  pigments,  and  which 
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show  many  characteristics  similar  to  those  of  the  melanophores.  There 
seem  to  be  two  main  groups,  the  yellowish  xanthophores  containing 
chiefly  xanthophyll,  and  the  erythrophores  containing  astaxanthine,  a 
red  pigment  (Parker^'^).  Many  fish  also  have  iridophores,  which  are 
cells  of  the  same  general  type  and  are  probably  derived  from  the  same 
source.  They  contain  crystals  of  guanine  and  have  the  property  of  re¬ 
flecting  light.  Now  the  eye  is,  as  we  have  seen,  rich  in  melanin-contain¬ 
ing  cells,  both  in  the  choroid  and  in  the  pigment  epithelium  ;  xanthophyll 
and  astaxanthine  have  both  been  extracted  from  the  oil  globules  in  the 
cones  of  the  eyes  of  birds,  and  in  man  the  macular  pigment  appears  to  be 
xanthophyll  (Wald®®).  Moreover,  visual  purple  is  a  combination  of  a 
carotenoid  pigment  and  a  protein.  Finally,  in  many  animals  there  is 
a  tapetum  or  reflecting  layer  which  may  develop  either  from  the  pig¬ 
ment  epithelium  or  from  the  choroid.  In  many  cases  this  reflecting 
surface  is  provided  by  guanine  crystals  in  the  cells  (Walls®^). 

It  is  true  that  carotenoids,  melanin  and  guanine,  are  of  wide  distribu¬ 
tion  in  the  animal  kingdom,  but  in  studying  the  eye  it  is  well  to  bear 
in  mind  these  similarities  and  possible  relationships  between  the  retinal 
cells,  pigment  cells,  and  the  other  derivatives  of  the  closely  related 
neural  crest  and  neural  tissues.  The  rods  and  cones,  for  example,  behave 
as  though  they  belonged  to  two  different  but  adjacent  branches  on  the 
tree  of  cellular  evolution.  They  seem  to  have  diverged  from  a  common 
stock  in  much  the  same  antagonistic  or  reciprocal  manner  as  have  the 
sphincter  and  dilator  pupillae  muscles  or,  farther  afield,  the  sympathetic 
and  parasympathetic  nerve  cells.  In  theories  of  colour  vision,  for  ex¬ 
ample,  it  may  be  well  to  remember  the  possible  parallelism  between 
the  responses  of  melanophores,  xanthophores,  and  erythrophores,  and 
the  reactions  of  rods  and  cones.  In  birds  it  is  probable  that  colour 
vision  actually  does  depend  on  xanthophyll  and  astaxanthine  and  per¬ 
haps  other  colour  filters  in  the  form  of  the  coloured  oil  globules  in  the 
cones.  So  far,  these  substances  have  not  been  detected  in. a  correspond¬ 
ing  position  in  the  cones  of  man,  but,  as  already  mentioned,  xanthophyll 
is  abundant  in  the  cone-rich  part  of  the  retina  as  the  macular  pigment. 

In  studying  problems  of  human  vision,  therefore,  there  are  many  and 
various  features  of  the  eye,  and  of  the  optical  system  generally,  for  which 
a  study  of  the  development  of  the  machinery  and  of  its  evolution  in 
lower  animals  can  be  of  great  assistance.  Moreover,  it  is  clearly  im¬ 
portant  to  consider  the  family  relationships  between  the  different  groups 

of  cells,  and  the  peculiar  metabolic  as  well  as  structural  characteristics 
which  they  inherit. 


c.  Cells  of  the  Urinogenital  Systems 

A  third  system  of  cells  in  the  study  of  which  the  evolutionary  approach 
may  be  very  profitable  is  the  urinogenital  system  and  its  associated 
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structures,  which  include  the  adrenal  cortex  and  probably  several  other 
tissues  besides. 

In  1903  GaskelP^,  in  his  now  well-known  discussions  on  the  origin 
of  vertebrates,  put  forward  some  extremely  interesting  arguments  con¬ 
cerning  the  development  and  evolutionary  history  of  the  urinogenital 
system.  Many  of  these  arguments  have  been  substantiated  by  more 
recently  acquired  knowledge,  and  many  more  are  relevant  to  a  proper 
interpretation  of  this  complex  system.  The  present  discussion  follows 
along  lines  w'hich  Gaskell  himself  actually  suggested  or  which  he  clearly 
had  in  mind. 

In  order  to  study  the  urinogenital  and  related  systems  in  higher 
animals  it  is  important  first  to  consider  the  corresponding  systems  in 
those  invertebrates  which  may  be  related  to  the  ancestors  of  the  verte¬ 
brates,  and  then  to  compare  the  system  as  it  is  found  in  the  early 
vertebrates.  In  the  main,  there  are  four  groups  of  animals  which  are 
particularly  important.  The  ammocoete  larva  of  the  cyclostome 
probably  presents  something  approaching  the  simple  vertebrate  form. 
Secondly,  Amphioxus,  particularly  in  its  larval  form,  may  represent  the 
chordate,  pre-vertebrate  stage,  though  it  is  necessary  to  remember  that 
in  this,  as  in  other  examples,  the  animal  is,  in  all  probabihty,  not  on  the 
main  hne  of  descent  but  on  a  more  or  less  specialized  side-branch,  and 
may  he  in  a  backwater  of  the  evolutionary  stream.  The  third  animal  of 
interest  is  Peripatus,  half  worm,  half  arthropod;  for  in  this  animal  the 
excretory  system  bears  extraordinary  similarity  to  the  system  in  primi¬ 
tive  vertebrates,  particularly  in  the  manner  of  its  development.  But 
again,  Peripatus  is  unlikely  to  be  on  the  direct  line  of  descent.  Finally, 
there  are,  of  course,  the  annehd  and  more  primitive  wwms  to  be  con¬ 
sidered,  and  these  primitive  worms  will  provide  a  suitable  starting- 
point.  Goodrich^^,  shortly  before  his  death,  summarized  much  of  his 
life’s  work  in  the  form  of  a  detailed  analysis  of  the  urinogenital  systems 
of  all  the  relevant  animals,  and  his  work  wiU  be  freely  quoted. 

In  primitive  forms,  as  in  the  Platyhelminth,  Nemertine,  and  Annelid 
worms  (Text-fig.  10),  there  are  clearly  present  two  types  of  structure 
which  seem  to  be  completely  independent.  These  structures  are  (1)  the 
nephridia  and  (2)  the  genital  sacs  with  their  coelomoducts  leading  to 
the  exterior.  Typical  nephridia  either  develop  as  ingrowths  from  the 
epidermis  and  end  blindly  in  ‘flame  cells’  (solenocytes),  or  they  may 
arise  from  certain  cells  (nephridioblasts)  which  leave  the  epidermis  at  an 
early  stage  in  development  and  then  form  bhnd  tubes  precisely  similar 
to  those  produced  by  direct  invagination,  and  these  tubes  open  later  on 
to  the  surface  of  the  body  (Text-fig.  11).  Coelomoducts,  on  the  other 
hand,  are  formed  from  the  coelo mesodermal  tissue,  after  it  has  hollowed 
out  to  form  a  coelomic  cavity.  The  cavity  develops  as  a  space  in  which 
to  house  the  genital  products,  and  a  portion  of  its  wall  pushes  outwards 


Text-fig.  10.  Diagrams  of  nephridia  and  coelomoducts  in  (a)  Platy helminth, 

(b)  Nemertine,  (c)  Annelid. 

bv.  lateral  blood-vessel;  c.  coelom;  cd.  coelomoduct;  dv.  dorsal  longitudinal  blood-vessel;  flc. 
flame  cell;  g.  gonad ;  p  genital  pore;  ^n^.  intestine  ;  in.  lateral  nerve;  inc.  longitudinal  nephridial 

longitudinal  nerve;  nc.  ventral  longhudinal  nerve;  np. 
nephndiopore,  nst.  nophridiostomo ;  p.  proboscis;  pn.  protonephridiura ;  aoiT solenocyte.  (From 

Goodrich**.) 


Reproduced  by  permission  from  the  Quarterlg  Journal  of  Microscopical  Science,  vol.  86. 
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to  open  on  the  surface  of  the  animal.  Broadly  speaking,  though  not 
with  complete  truth,  nephridia  are  tubes  which  develop  from  without 
inwards  and  which,  typically,  end  blindly;  coelomoducts  are  evagina- 
tions  from  the  wall  of  the  coelomic  cavity.  Nephridia  are  primarily 
excretory  in  function;  coelomoducts  are  primarily  for  the  purpose  of 
conveying  the  genital  products  to  the  exterior,  though  secondarily  they 


s 


Text-fig.  11.  Diagram  of  development  of  metanephridium  in  Oligochaeta. 

A.  anterior;  P.  posterior;  c.  coelom;  cc.  canal  cells;  nbl.  nephridioblast ;  nc.  nephridial  canal 
covered  with  coelomic  epithelium;  np.  nephridiopore ;  nst.  nephridiostome ;  a.  septum.  (From 

Goodrich®*.) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  86. 

may  perform  excretory  functions.  This  description,  however,  greatly 
over-simpUfies  the  picture.  Both  nephridia  and  coelomoducts  occur  in 
worms,  molluscs,  and  many  other  groups,  and  there  are  many  variations 
on  the  original  theme.  Nephridia  may  not  always  end  blindly,  but  may 
open  into  the  coelomic  cavity  by  means  of  a  ciliated  nephridiostome 
(see  Text-fig.  10),  which  is  often  very  similar  in  appearance  to  the  t3^i- 
cal  cihated  coelomostome  which  forms  where  the  coelomoduct  leaves 
the  coelomic  cavity.  In  some  species  fusion  may  take  place  between 
the  two  tubes,  and  this  culminates  eventually  in  a  mixonephridium, 
as  shown  in  Text-fig.  12.  In  Peripatus  there  are  segmental  coelomo¬ 
ducts  (the  coxal  glands  of  Gaskell)  but  no  nephridia.  In  Amphioxus, 
on  the  other  hand,  nephridia  preponderate  and  actual  coelomoducts,  as 
tubes  opening  to  the  exterior,  are  reduced  to  a  minimum;  in  fact  the 
openings  through  which  the  genital  products  escape  into  the  atrium 
may  be  specially  developed  for  the  purpose  and  not  strictly  homologous 
with  coelomoducts  in  the  usual  sense. 

Both  systems  of  tubules  are  fundamentally  segmental.  Coelomo¬ 
ducts  in  lower  animals  tend  to  remain  simple,  while  nephridia  may 
show  complex  branching.  BahP*^’^  has  described  in  certain  earthworms 
nephridia  which  do  not  open  on  to  the  outer  surface  of  the  body  but 
which  open  into  the  aUmentary  canal.  This  he  considers  to  be  an  adapta¬ 
tion  related  to  the  conservation  of  water  by  the  animal.  He  has  also 
described  how  in  some  worms  the  segmental  nephridiuin  may  spht  up 
and  form  numerous  separate  meronephridia  with  secondary  openings 


Protonephromixium 


gc  np 
Metanephromixium 

ce 


Text-fig.  12.  Diagrams  showing  structure  and  formation  of  nephromixia  by 
combination  of  coelomoduct  with  neplnidium. 

Stage  before  combination;  p.  posterior,  combination  completed;  bw.  body 

Siop^re  nJ  ‘’°‘^l°™««tome ;  j^c.  germ  cell ;  nc.  nephridial  canal ;  ^p.  nephri- 

sol  soienocvti?-  j-  nninf rudiment  of  nephridium ;  s.  intersegmental  septum ; 
SOL  solenocyto ,  x.  point  where  coelomoduct  opens  into  nephridial  canal.  (From  Goodrich”  ) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  86. 


458 


SOME  ASPECTS  OF  EVOLUTIONARY  CYTOLOGY 


ph.n.c. 


to  the  surface.  Such  properties  of  primitive  nephridia  may  be  important 
in  considering  what  happens  to  the  nephridial  system  in  the  evolution  of 

vertebrates  (Text-fig.  13).  Another 
variation  on  the  simple  plan  is  seen 
when  coelomoducts  lengthen  and 
travel  through  posterior  segments 
before  opening  to  the  exterior.  In 
this  process  they  often  receive  con¬ 
tributions  from  the  cavities  through 
which  they  pass  on  the  way.  Similar 
common  ducts  may  occur  by  fusion 
of  the  segmental  nephridial  tubes, 
and  the  final  opening  of  the  tube 
may  be  into  the  ahmentary  canal 
or  into  a  cloaca,  a  point  of  some 
possible  significance  in  considering 
the  homology  of  the  archinephric 
duct  in  primitive  vertebrates.  This 
arrangement  is  illustrated  in  Hop- 
lochaetella  bifoveata  (Text-fig.  14). 

yjz—— _ I— t.c.'^  Nephridia  and  coelomoducts, 

though  differing  widely  in  certain 
directions,  have  much  of  their  gene¬ 
ral  behaviour  in  common,  and  it  is 
not  always  easy  to  decide  whether 
a  given  tube  is  a  nephridium,  a 
coelomoduct,  or  a  mixonephridiura, 
unless  its  embryological  origin  can 
be  determined.  Text-fig.  12  shows 
the  manner  in  which  the  two  tubes 
may  arise,  and  at  first  sight  the 
development  appears  very  different. 
When,  however,  the  fundamental 
nature  of  the  cells  is  considered,  the 
difference  may  be  found  to  be  not  so 
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Text-fig.  13.  Simplified  plan  of  nephridial 
system  in  Megascolex  cochinensis. 


c.g.  cerebral  ganglia;  cl.  clitellum;  d.v.  dorsal  gp0a,t  and  it  is  WOrth  while  at  this 
vessel;  oiz.  gizzard;  i.n.  integumentary  mero-  ®  ^ 

nephridia ;  int.  intestine ;  o.  concealed  opening  point  tO  examine  a  little  mOre  ClOSCiy 

:  what  is  meant  by  the  differentiation 

ph.n.c.  ductules  of  pharyngeal  meronephndia ;  their  embryologlCal 

a.n.  septal  meronephridia ;  t.c.  ductules  of  j  u  .  fha 

exonephric  tufted  meronephridia ;  w.n.c.  ventral  layers  and  gTOUpS,  and  nOW  tllG 

nerve  cord.  (From  Goodrich’*,  after  BahF.)  origin  relates  tO  the 

Reproduced  by  permission  from  the  Quarterii/  J  &  o 

Journal  of  Microscopical  Science,  voi.  86.  phySlologlCal  properties  01  the  CCllS. 

Observations  on  tissue  cultures  from  the  organs  of  vertebrates  empha¬ 
sizes  that  cells  may  be  divided  into  certain  definite  groups  according 
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to  their  manner  of  growth,  their  mode  of  locomotion,  their  nutritional 
requirements,  their  reaction  to  one  another,  and  their  response  to 
changes  in  their  environment.  Moreover,  these  groups  of  cells  are  not 
the  same  as  those  into  which  the  tissues  are  subdivided  by  the  usual 
division  into  germ  layers.  The  main  groups  of  cells  according  to  their 
properties  in  culture  are  epitheliocytes,  and  it  is  probable  here  that 


b.w. 
1.  c. 

i.n. 


Text-fig.  14.  Serni-diagrainrnatic  drawing  of  nephridial  system  in  last  six  segments 

of  Hoplochaetella  bifoveata.  Dorsal  view. 

b.w.  body  wall  cut  open  and  spread  out;  g.  hind-end  of  gut  almost  entirely  removed;  i.n.  small 
integumentary  meronephridia ;  l.c.  longitudinal  lateral  excretory  canal  opening  to  exterior  at  o ; 
s.nph.  large  open  septal  nephridium  opening  into  lateral  canal ;  v.n.c.  ventral  nerve  cord.  (From 

Goodrich**,  after  Bahl*.) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  86. 

there  may  be  two  types  (as  exemplified  by  the  growth  of  skin  or  in¬ 
testine  on  the  one  hand  and  endothelium  of  blood-vessels  on  the  other), 
mechanocytes  (fibroblasts),  which  arise  from  the  connective  tissues,  and 
amoebocytes,  arising  from  the  monocytes  of  the  blood  or  the  w’andering 
cells  of  connective  tissues.  Some  of  the  salient  properties  and  charac¬ 
teristics  of  these  groups  are  set  out  in  Table  I,  and  it  is  clear  that  the 
differences  between  them  are  fairly  deep-seated.  Moreover,  it  is  im¬ 
portant  to  realize  that  typical  epitheliocytes  may  be  obtained  from 
either  ectoderm  (e.g.  skin),  endoderm  (e.g.  intestine),  or  mesoderm,  for 
the  kidney  behaves  in  vitro  as  a  typical  epithelium.  On  the  other  hand, 
mechanocytes  and  amoebocytes  are  both  confined  to  the  mesoderm,  and 
more  nearly  coiTespond  to  the  cells  of  the  mesenchyme.  Text-fig.  15 
illustrates  the  salient  morphological  characters  of  these  groups  of  cells. 
The  groups  may  be  roughly  described  as  comprising  the  surface  elements, 
the  mechanical  and  structural  elements,  and  the  wandering  cells,  and 
if  the  structure  of  such  simple  organisms  as  the  calcareous  sponges  is 
examined  it  will  be  seen  that  the  cells  of  these  organisms  show  the  same 
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Table  I 


Epitheliocytes 

A  moebocytea 

Mechanocytes 

Cells  adherent 

Cells  separate 

Cells  form  network 

Colonies  unite 

Colonies  remain  separate 

Colonies  unite 

Cells  move  by  gliding  of 
the  whole  sheet 

Cells  move  by  ‘random’ 
amoeboid  movement 

Cells  glide  separately 

Multiply  in  serum 

Multiply  in  serum 

Only  survive  in  serum 

Fresh  serum  causes  cell 
divisions ;  latent  period 
20  hours 

Embryo  tissue  juice  re¬ 
quired  to  cause  cell 
division;  latent  period 
10  hours 

— 

Siuvive  in  1/300,000  ar- 
senious  oxide 

Killed  by  1/300,000  arse- 
nious  oxide 

Not  inhibited  by  malt 
extract 

— 

Inhibited  by  malt  ex¬ 
tract 

Non -phagocytic,  except 

Phagocytic 

Non  -phagocytic 

certain  groups 

Keratin  as  protein  frame¬ 
work  of  the  cell 

Collagen  produced  as 
fibres  in  external  me¬ 
dium 

Mucin  produced  within 
the  cells  of  certain 

— 

Mucin  produced  as  inter¬ 
cellular  matrix 

groups 

Mucin  contains  glucosa¬ 
mine 

— 

Mucin  contains  galacto- 
samine 

Carcinoma -producing 

Sarcoma -producing 

subdivision  into  epithelium  (actually,  primary  and  secondary  epithelia), 
structural  scleroblasts,  and  wandering  amoebocytes  (Text-fig.  16).  The 
amoebocytes  in  the  sponges  include  the  germ  cells  and  those  cells  which 
give  rise  to  new  individuals  by  gemmule  formation.  In  the  develop¬ 
ment  of  sponges  the  cells  are  at  first  nearly  all  adherent  to  one  another 
as  an  epithelium  of  ciliated  blastomeres,  but  in  the  posterior  part  of  the 
blastula  certain  cells,  which  may  still  form  an  epithelium  but  do  not 
possess  or  have  lost  their  cilia,  are  somewhat  larger  and  are  classed  as 
archaeocytes.  In  Claihrina  blanca  there  are  but  two  of  these  cells  at 
the  posterior  end  (Text-fig.  17a),  but  in  other  species  they  may  consti¬ 
tute  most  of  the  posterior  half  of  the  blastula.  Sooner  or  later  these 
cells  tend  to  leave  the  surface  and  to  drop  into  the  interior,  where  they 
become  recognizable  as  amoebocytes,  gemmule  cells,  or  germ  cells.  The 
ciliated  cells  of  the  anterior  end  show,  at  a  later  stage,  a  tendency  to 
lose  their  ciha  and  to  drop  inside  the  blastocoel,  and  it  is  from  these 
cells  that  the  scleroblasts  and  supporting  cells  of  the  body  are  derived, 
i.e.  the  mechanocytes.  These  potential  mechanocytes  may,  as  in  the 
Leucosoleniidae,  also  be  concentrated  in  the  posterior  region  of  the 
embryo,  taking  the  place  of  the  amoebocytes,  which  in  these  species 
have  already  sunk  into  the  blastula  cavity  at  an  earlier  stage. 
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These  observations  suggest  that  in  such  an  organism  as  Ckithrina 
blanca  there  has  been  a  very  early  differentiation  into  two  distinct 
groups  of  epithelial  cells— the  blastomeres  of  the  anterior  end,  which 
yield  mechanocytes,  and  those  of  the  posterior  end,  which  yield  amoebo- 
cytes.  Their  properties  may  be,  in  part,  determined  by  their  position 


Text-fig.  15.  The  primary  groups  of  cells  as  seen  in  tissue  cultures. 

a,  epitheliocytes ;  h,  epitheliocytes,  probably  secondarily  derived  from  mechanocytes; 

c,  mechanocytes ;  d,  amoebocytes. 

in  the  embryo,  but  this  need  not  necessarily  be  so.  This  early  differentia¬ 
tion  may  be  paralleled  in  the  flagellate  protozoa  by  the  change  of  form 
between  ciliated  individuals  and  amoeboid  individuals  which  occurs  in 
such  organisms  as  Mastigella  and  the  Rhizomastiyina,  and  seems  to  be 
related  to  reproduction  and  the  formation  of  gametes  (Text-fig.  18). 
On  the  other  hand,  the  suggestion  of  Baker^,  that  the  early  metazoa 
would  require  to  produce  a  change  from  a  more  or  less  saprophytic 
existence  to  a  more  aggressive  type  which  would  need  the  development 
of  cells  designed  for  nutrition  and  excretion,  may  be  relevant  to  the 
origin  of  the  cells  which  give  rise  to  the  amoebocytes.  The  two  types 
of  blastomeres  of  the  sponge  embryos  may  be  conveniently  classed  as 
type  A  and  type  B,  of  which  the  former  are  mechanocyte  producers 
and  the  latter  are  those  from  which  amoebocytes  arise.  Although  it  is 
unlikely  that  the  P  or  if  era  are  on  the  direct  line  of  metazoan  develop¬ 
ment,  this  subdivision  of  their  cells  into  types  A  and  B  and  derivatives 
from  these  types  is  probably  one  of  cardinal  importance ;  and  something 
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very  similar  has  occurred  in  the  evolution  of  the  metazoa.  It  is  interest¬ 
ing  that,  in  cultures  of  tissues  from  vertebrates,  mechanocytes  depend 
for  their  growth  upon  extracts  of  other  tissues  or  upon  the  proximity 
of  amoebocytes,  whereas  amoebocytes  live  on  simpler  media  and  require 


Text-fig .  16.  Histology  of  the  body  wall  of  a  calcareous  sponge 

(Clathrina  coriacea). 

A.  body  wall  seen  from  the  inside  in  the  region  of  the  oscular  rim ;  B.  portion  of  A,  showing  the 
same  three  pores,  but  with  the  collar  cells  removed  to  show  the  underlying  parenchyma ;  C.  same 
portion  of  the  body  wall  seen  from  the  outside,  to  show  the  flat  epithelium ;  D.  longitudinal 
section  of  the  body  wall  in  the  region  of  the  oscular  rim,  fully  expanded  ;  JE .  section  of  the  body 
wall,  slightly  contracted;  and  F.  very  contracted,  am.c.  amoebocytes;  ap.f.c.  apical  formative 
cell;  b.f.c.  basal  formative  cell;  c.  collars  of  (ch.c.)  choanocytes;  d.a.  dermal  aperture  of  pore; 
d.ep.  dermal  epithelium ;  fl.  flagella ;  g.a.  gastral  aperture  of  pore ;  p*.  and  p*.  pores ;  pc.  porocytes ; 
p.c.ep.  porocytic  epithelium;  sp.  spicule;  sp.c.  spicule  cell  or  scleroblast.  (From  Michin*®.) 

serum  only.  Needless  to  say,  the  stage  at  which  this  differentiation  into 
two  groups  of  blastomeres  occurs  varies  widely  in  different  groups  of 
animals.  In  echinoderms  all  the  blastomeres  are  equi-  and  toti-potential 
for  a  very  long  time. 

Sometimes,  as  in  the  sponges,  there  is  a  clear  morphological  and 
spatial  separation  between  the  two  types  of  epithelial  cells;  but  this 


Text-fig.  17.  Cell-types  in  the  larvae  of  sponges  (after  Minchin®®). 

a.  Clathrina  blanca.  Two  archaeocytes  are  seen  at  the  posterior  end,  and  mechanocytes  are 
seen  leaving  the  surface  epithelium ;  6.  c.  d.  and  e.  stages  in  the  formation  of  a  mechano- 
cyte; /.  invagination  of  mechanocytes  and  amoebocytes  in  Clathrina  reticulum;  g.  and  h. 
two  stages  in  the  dev'elopment  of  Leucosolenia.  In /,  g,  and  h  the  shaded  cells  are  potential 
mechanocytes ;  the  dotted  cells  are  amoebocytes  which  have  already  sunk  into  the  blasto- 

coel  cavity. 


Text-fig.  18.  Life-oyclo  of  Mastigella  vitrea. 

1.  2,  and  3,  different  forms  assumed  by  the  adult  ‘vegetative’  type  of  individual  •  3a  and 
f nd  4-10,  gamete  formation;  afScrogamete 

Goldschmidt.) 
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may  not  always  be  the  case,  and  there  are  many  reasons  for  believing 
that  the  superficial  epithelium,  both  ectodermal  and  endodermal,  of  the 
adult  metazoan  organism  may  continue  to  contain  derivatives  from 
both  types  of  cell  in  differing  proportions.  In  this  connexion  it  is  worth 
noting  the  very  common  occurrence  of  pairs  of  cell-types  in  the  surface 
membranes  of  the  body,  e.g.  serous  and  mucous  cells,  ciliated  and  non- 
ciliated  (often  goblet)  cells,  sensory  and  supporting  cells,  rods  and  cones, 
acidophil  and  basophil  cells,  duct  cells  and  alveolar  cells,  a  and  cells, 
&c.,  for  these  may  again  be  the  result  of  the  primary  dichotomy  seen 
in  the  superficial  epithelium  of  the  embryos  of  primitive  animals  such 
as  the  sponges :  in  other  words,  they  may  be  derivatives  of  types  A  and 
B  blastomeres.  How,  then,  do  these  ideas  on  the  constitution  of  the 
surface  epithelium  affect  the  meaning  of  the  term  mesoderm  or,  more 
strictly,  the  mesenchyme  ?  The  answer  to  this  question  clearly  affects 
the  manner  in  which  one  regards  the  embryological  origin  of  such  things 
as  coelomoducts  and  nephridia. 

The  mesoderm  and  mesenchyme  of  different  animals  may  arise  in 
a  variety  of  ways,  e.g.  by  invagination,  delamination,  or  by  the  de¬ 
hiscence  of  individual  cells.  The  term  mesoderm  is  best  used  to  describe 
a  definite  layer  of  cells  with  epithelial  characteristics  comparable  with 
ectoderm  and  endoderm.  Mesenchyme  is  then  applied  to  those  cells 
which  detach  themselves  from  any  of  the  three  layers,  and  form  an  inner 
mass  of  cellular  tissue,  generally  without  epithelial  arrangement.  Both 
mesoderm  and  mesenchyme  may  be  expected  to  contain  cells  derived 
from  the  two  main  epithelial  groups,  i.e.  potential  or  actual  mechano- 
cytes,  and  potential  or  actual  amoebocytes.  When,  as  in  Amphioxus, 
much  of  the  mesoderm  separates  by  out-pocketing  from  the  archenteron 
it  is  essentially  an  epithelial  tissue,  and  blastomeres  of  type  A  and  type  B 
are  probably  both  present  in  the  walls  of  the  coelomic  sacs.  The  head 
mesenchyme  and  ectomesoblast,  on  the  other  hand,  derived  by  direct 
dehiscence  from  ectoderm,  may  be  largely  derived  from  blastomeres  of 
type  A,  as  this  type  tends  to  be  concentrated  in  the  anterior  end  of  the 
animal,  and  may  therefore  consist  very  largely  of  cells  of  the  mechano- 
cyte  type,  while  the  coelomesoblast  derived  from  the  mesodermal  epi¬ 
thelium  would  be  likely  to  contain  far  more  of  the  amoebocyte  type 
of  cell. 

It  seems,  therefore,  that  the  properties  of  mesoderm  and  mesenchyme 
may  be  determined  not  only  by  the  manner  of  their  formation  but  also 
by  their  cellular  content.  In  the  case  of  the  nephridia  these  tubes  are 
described  as  being  formed  of  ectomesoblast,  and  though  they  may 
therefore  contain  cells  which  are  mostly  of  the  mechanocyte  type  (from 
blastomeres  type  A),  there  may  be  amoebocytic  cells  there  as  well  (from 
blastomeres  type  B).  A  special  cell,  the  nephridial  cell,  is  generally 
clearly  recognizable  among  the  other  cells  of  the  nephridial  rudiment  as 
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a  cell  of  different  type  (Text-fig.  19),  and  a  large  part  of  the  nephridium, 
including  the  flame  cells,  or  solenocytes,  and  the  nephridiostome,  when 
such  is  present,  seem  to  be  formed  from  this  cell. 

Coelomostomes  and  coelomoducts  are  derived  essentially  from  the 
coelomic  epithehum  and  coelomesoblast  and  are  thus  in  this  respect 
quite  different  from  nephridia,  but  they  may,  in  fact,  be  much  more 
similar  than  they  appear.  They  are  formed  by  outgrowth  and  tubule 
formation  from  blastomeres  which  have  been  carried  inwards  in  the 


Text-fio.  19.  Longitudinal  sections  of  septa  in  Tubifex  rivulorum,  showing  the 
relation  of  nephridioblast  to  the  cells  of  the  septum. 

(o).  septum  at  young  stage ;  (6),  septum  at  older  stage ;  c.  coelomic  cavities ;  ep.  epithelium ; 
g.  gut  wall ;  nb.  nephridioblast  which  will  survive  as  the  funnel  cell ;  n.  other  nephridial 

cells.  (Re-drawn  after  Goodrich’*.) 


formation  of  the  wall  of  the  coelomic  cavity.  This  wall  may  clearly 
contain  ceUs  belonging  to  both  types  A  and  B,  and  thus  the  coelomo- 
duct  rudiment  and  the  nephridium  rudiment  are,  from  this  point  of 
view,  closely  similar,  and  much  of  the  distinction  based  on  the  different 
spatial  origin  of  the  two  disappears.  The  physiological  characteristics 
ot  the  basic  cell  types  may  be  just  as  important  as  the  secondary  charac¬ 
teristics  forced  on  the  cells  by  virtue  of  their  anatomical  position  in  the 

animal;  at  least,  there  is  bound  to  be  a  balance  between  these  two  major 
determmmg  factors. 

With  these  considerations  in  mind,  it  is  now  appropriate  to  turn  to 
he  structure  of  the  urmogemtal  system  of  the  primitive  vertebrate. 
The  essential  structure  is  shown  in  Text-fig,  20.  It  consists  of  a  series 

lar  fevid'Im  tr  '"n"'  T  f  g^enWly  arranged.  This  is  particu- 

bii/the  tT  .*  *“bes  are  derived  from  the  coelom, 

but  the  tubes  join  together  to  open  posteriorly  by  a  common  duct 

rather  like  the  common  nephridial  duct  of  Hoplochaetella.  The  arrange- 

ment  was  presumably  strictly  segmental  at  one  stage,  as  in  Text-fig  14 

and  each  tube  may  even  have  had  a  separate  exit  t;  the  exterior^  but 

n  the  earliest  known  vertebrates,  as  represented  by  the  ammocoete 

a^a,  the  tubes  are  clearly  divided  into  aggregates  as  a  pronephros  and 

^^^sonephros  openmg  by  a  common  duct  leading  posterioriy  to  the 

H  h 
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cloaca.  They  develop  as  coelomoducts,  that  is,  by  outgrowth  from  the 
coelomic  cavity.  The.  manner  of  their  development,  disregarding  the 
fact  that  they  do  not  remain  as  separate  segmental  structures,  has  an 
extraordinarily  close  parallel  in  the  coelomoduct  system  of  Peripatus,  as 


Text-fig.  20.  Diagrams  of  iirinogenital  system  in  Craniata. 

A  Hypothetical  ancestral  stage  with  continuous  archinephros.  -P-  ^yclostome  with 
pro-' ami  mesonephros.  C.  Female  adult  gnathostome.  D.  Male  adult  gnathostom  . 

f:;::;;:!;  rule. 

«.  tertiary  tubule ;  us.  vas  efferens.  (From  Goodncn  .) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  86. 


was  pointed  out  by  Gaskell  (Text-fig.  21).  While  outgrowths  from  the 
coelom  clearly  enter  into  their  composition  and  have  led  to  the  belie 
that  the  tubes  are  essentially  coelomoducts.  there  are  reasons  for  behev- 
ing  that  the  tubes  may  be  more  in  the  nature  of  inixonephridia,  because 
they  show  some  of  the  properties  which,  in  lower  animals,  a’’®, "“'j 
characteristic  of  nephridia.  The  capacity  for  secondary  branching 

one  such  character.  cpIIs 

At  this  point  it  is  essential  to  emphasize  that  not  only  are  the 

of  different  intrinsic  morphological  and  physiologjcal  types  but  there 

are  also  different  sorts  of  behaviour,  which  may  b®  n'herited 
or  which  may  be  imposed  upon  them  by  virtue  of  their  position 
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surroundings.  All  these  factors  determine  the  formation  of  a  particular 
structure  or  organ.  Cells  in  different  regions  clearly  show  different 
patterns  of  behaviour,  as,  for  example,  a  tendency  to  form  tubes  in  a 
particular  direction  or  to  dehisce  at  a  given  time.  Some  of  these  pat¬ 
terns  are  inherent  in  the  cells  themselves,  at  any  rate  after  a  certain 
time ;  others  are  impressed  upon  them  by  local  conditions. 

Dorsal  coelom 
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Nerve  3 
Text-fio.  21.  The  ooelomoduct  system  of  Peripatus. 

1.  Diagram  of  Peripatus  showing  the  position  of  the  coxal  glands.  2.  Transverse  section  of 
tne  developing  animal,  showing  the  formation  of  the  coelom  and  the  development  of  the 
excretory  organs.  3.  Transverse  section  of  the  adult  animal,  showing  the  excretory  organs, 

4.  the  structure  of  the  excretory  organ.  (Diagram  taken  partly  from  Goodrich**,  and 

partly  from  Gaskell*'.) 

It  IS  worth  while,  therefore,  to  consider  the  formation  of  the  pro- 
nephric  and  mesonephric  rudiments  in  some  detail  and  to  study  the 
relationships  which  these  structures  bear  to  the  different  parts  of  the 
coelom  and  to  the  mesenchyme  and  ectomesoblast.  Text-fig.  22  shows 
the  essential  features  in  the  development  of  the  coelom  and  its  deriva- 
ives  in  the  region  in  which  the  pronephros  develops  in  what  may  be 
regarded  as  a  typical  vertebrate.  The  coelomic  cavity  is  divided  into 
ree  mam  portions— the  dorsal  myocoel,  the  middle  mesocoel,  and  the 
ventral  splanchnocoel.  The  pronephros  develops  partly  as  a  series  of 
^owths  of  the  mesocoel  (the  coelomic  funnels)  and  partly  from  a 
ru(^ent  of  ceUs  which  may  arise  independently  in  the  Lomesoblast 

archinephric  duct.  The  coelomic 
nnels  fuse  with  this  duct  before  it  grows  backwards  to  open  at  the 
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cloaca.  There  is  no  evidence  that  the  archinephric  duct  is  ever  in  direct 
contact  with  the  ectoderm  or  is  budded  off  from  this  layer  as  primitive 
nephridia  may  be,  but  there  is  good  evidence  that  it  may  arise  by  con¬ 
densation  of  the  ectomesoblast  or  mesenchyme  rather  than  by  evagina  - 
tion  from  the  coelomesoderm,  so  that  the  possibility  that  it  represents 
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Text-fig.  22.  Diagram  illustrating  the  dev^elopment  of  the  coelomic  structures 

in  the  region  of  the  pronephros  in  fish. 


the  remnants  of  an  earlier  nephridial  system  is  not  entirely  ruled  out 
of  court. 

The  coelomic  cavity,  though  it  arises  in  higher  animals  by  a  split  in 
a  mass  of  mesodermal  cells  which  have,  earlier,  separated  from  the 
endoderm,  is  fundamentally  a  part  of  the  outside  world.  It  was  originally 
a  part  of  the  archenteron  which  became  nipped  off.  In  its  primitive 
form,  as  in  Amphioxus,  it  is  surrounded  by  a  special  part  of  the  endo¬ 
derm,  now  given  the  name  mesoderm,  so  it  is  worth  considering  the 
types  of  cells  which  it  may  be  expected  to  contain.  Primitively  the 
cells  are  epithehal  in  character,  and  the  coelomic  cavity  is  surrounded 
by  cells  of  epithelial  type.  These,  later,  tend  to  leave  the  epithelium 
proper  and  to  sink  into  the  underlying  tissues,  where  they  may  give  rise 
to  muscles  of  various  sorts  or  to  the  other  organs  and  tissues  usually 
described  as  mesodermal  in  origin.  Cells  of  type  A  (see  p.  461)  seem 
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to  be  specially  concentrated  in  the  dorsal  region  of  the  coelomic  wall 
where  they  give  rise  to  the  myctomes  and  so  to  the  skeletal  muscles. 
In  vitro,  these  mostly  grow  as  mechanocytes.  In  the  ventral  portion 
of  the  coelom  also  the  type  A  cells  presumably  contribute  to  the  forma¬ 
tion  of  plain  muscle.  It  is,  however,  worth  while  to  consider  whether 
the  property  of  contractility  and  muscle  formation  is  necessarily  a 


vac. 


mf 


mf 


Text-fio.  23.  Differentiation  of  the  rnyotome  as  seen  in  horizontal  sections  of 

Lepidosiren  larvae. 

B  represen^  a  later  stage  than  A  mb’,  myoblast  of  inner  wall ;  mb',  myoblast  of  outer 
wall,  mf.  contractile  fibrils;  vac.  vacuoles;  y.  yolk.  (From  Kerr^®.) 


prerogative  of  type  A  blastomeres  only.  Some  of  the  unaccountable 
appearances  of  amoebocytes  in  cultures  of  muscle  and  some  of  the 
differential  responses  of  plain  muscle  to  acetylcholine  and  adrenalin 
would  become  easier  to  understand  if  there  were  two  types  of  cell  in¬ 
volved  in  muscle  formation,  particularly  of  plain  muscle,  one  perhaps 
derived  from  type  A  blastomeres  and  the  other  from  type  B.  The 
development  of  muscle  from  the  myotomes  of  Lepidosiren  lends  some 
support  to  this  view  (Text-fig.  23).  In  the  mesomeric  or  nephrotome 
portion  of  the  coelom  it  may  be  that  both  types  of  cells  are  present, 
as  18  suggested  by  the  morphology  of  the  cells  to  be  the  case  in  the 
nephridial  rudiment  m  worms,  but  probably  type  B  cells  will  be  found 
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to  preponderate.  The  germ  cells,  which  are  clearly  in  this  category 
(type  B),  become  concentrated  in  the  middle  region,  and  particularly 
in  the  dorsal  wall  of  the  splanchnocoel.  It  may  be  tentatively  sug¬ 
gested,  therefore,  that  the  pronephric  funnels  are  remnants  of  the  coelo- 
mostomes  (though  it  is  possible  that  they  are  nephridiostomes)  and  that 
the  cells  which  form  them  may  belong  to  both  types  A  and  B,  and  that 
they  w'ill  inherit  a  tendency  to  form  evaginations  from  the  coelomic 
epithelium.  The  archinephric  duct,  on  the  other  hand,  may  represent 
the  remains  of  the  nephridial  system  and,  again,  may  contain  cells  of 
both  types;  the  duct  will  inherit  a  tendency  to  branch  (see  Text-fig.  10) 
and  for  the  branches  to  end  blindly  in  or  near  the  coelom,  or  to  end  in 
ciliated  funnels  opening  into  the  coelomic  cavity.  Moreover,  there  will 
be  a  tendency  for  the  two  systems  to  unite,  as  the  coelomic  funnel  and 
archinephric  duct  so  clearly  do  whatever  the  origin  of  the  systems,  in 
the  formation  of  both  the  pronephros  and  the  mesonephros.  Both  coelo- 
mostomes  and  nephridia,  in  their  most  developed  form,  consist  of  a 
ciliated  coelomic  or  proximal  portion  and  a  non-ciliated  distal  portion. 
End-to-end  union,  therefore,  or  union  at  some  other  point,  between 
coelomic  outgrowth  and  archinephric  duct  may  clearly  give  rise  to  tubes 
with  complicated  architecture  such  as  are  found  in  the  nephron  of  the 
kidney.  In  mammalian  kidneys  there  are  five  fairly  distinct  regions  of 
each  nephron  in  which  the  cell  structure  and  probably  cell  function  are 
clearly  distinguishable;  and  these  segments,  in  varying  proportions,  turn 
up  in  practically  all  vertebrates.  They  consist  of  a  glomerular  segment, 
a  proximal  tubule,  generally  with  a  brush  border  to  the  inner  margin 
of  the  cells,  an  intermediate  segment,  a  distal  tubule,  and  finally  the 
collecting  tubes  (Marshall^®).  Their  persistent  presence  in  vertebrates 
of  different  groups  strongly  indicates  inheritance  from  a  tube  of  com¬ 
plex  origin  as  w'ould  arise  by  end-to-end  union  of  coelomoduct  and 
nephridium  (Text-fig.  24).  On  the  other  hand,  it  is  only  fair  to  point  out 
that  considerable  complexity  of  structure  may  occur  in  protonephridia 
(Pantin^®),  where  the  origin  is  probably  from  a  simple  nephridial  rudi¬ 
ment  containing  two  visibly  different  types  of  cell. 

The  functions  of  the  nephridia  and  coelomoducts  in  lower  animals 
weve,  respectively,  to  regulate  the  composition  of  the  body  fluid  and  to 
allow  the  escape  of  the  genital  products.  At  first  there  was  only  tissue 
fluid,  and  there  w'ere  no  coelomic  spaces  filled  with  fluid  (Text-fig.  10a). 
As  the  coelom  developed,  its  fluid  became  more  and  more  copious,  and 
we  find  the  nephridia  pushing  nearer  to  or  even  into  the  coelomic  cavi¬ 
ties  and  assisting  to  maintain  the  composition  of  the  contained  fluid 
(Text-fig.  10c),  and,  in  some  animals,  the  nephridial  tubes  have  even 
usurped  the  genital  function  of  the  coelomoducts.  This  last  has  generally 
been  brought  about  by  the  coelomoducts  fusing  on  to  the  nephridial 
tubes  w’ith  the  formation  of  nephromixia  ormixonephridia  (Text-fig.  !-)• 
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In  vertebrates,  as  compared  with  invertebrates,  the  vascular  system 
becomes  relatively  much  more  important  in  the  economy  of  the  body , 
and  the  regulation  of  the  composition  of  the  blood  becomes  more  neces¬ 
sary;  blood-vessels  then  become  related  to  the  coelomostomes.  At  first, 
a  knot  of  capillaries  (glomus  or  glomerulus)  projects  into  the  coelom 
near  the  mouth  of  a  coelomostome.  Later,  this  forms  in  a  special  cham¬ 
ber  of  the  coelom,  the  nephrocoel,  which  is  almost  closed  off  from  the 
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Text-fig.  24.  Schematic  representation  of  nephron  of  different  vertebrates. 

(From  Marshall^*.) 


main  coelomic  cavity.  Finally,  this  separate  chamber  closes  off  entirely 
and  the  arrangement  found  in  the  higher  vertebrates  is  developed. 
These  stages  are  illustrated  in  Text-fig.  25.  The  first  stage  is  found  in 
the  pronephros  of  cyclostomes,  in  amphibia,  where  the  coelomostomes 
of  the  pronephros  remain  patent,  and  in  a  less  perfect  form  in  the 
pronephros  of  birds.  The  second  stage  is  found  in  the  mesonephros  of 
urodeles.  The  possible  mechanism  of  this  development  is  illustrated  in 
Text-fig.  26. 

The  perfecting  of  the  third  stage,  as  it  occurs  in  mammals,  with  typical 
glomeruli  filtering  fluid  into  the  closed  Bowman’s  capsule,  naturally 
means  that  the  genital  products  have  to  find  a  new  way  of  escape.  In 
most  higher  animals  the  more  anterior  nephric  rudiments  degenerate  as 
such,  and  the  pronephros  may  never  function.  One  coelomostome  of 
the  pronephros  of  the  female,  however,  remains  connected  with  the 
archinephric  duct,  and  this  forms  the  Mullerian  duct  and  so  provides 
an  exit  for  the  ovum  (see  Text-fig.  20).  The  duct  subdivides  into  the 
proximal  Fallopian  tube  which,  be  it  noted  in  connexion  with  its  origin 
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from  the  coelomic  funnel,  has  a  cihated  epithelium  containing  two 
distinct  types  of  cell,  and  into  the  distal  uterus  whose  epithelium  shows 


Text-pig.  25.  Stages  in  the  development  of  the  glomerulus  and  Bowman’s  capsule 
in  relation  to  the  coelomic  cavity  and  the  nephron. 

(After  Gerard  and  Cordier**.) 


B 


Text-fig.  26.  Diagrams  of  segmental  excretory  tubules  (coelomoducts) 

of  vertebrates. 

A,  usual  condition  of  pronephric  tubule;  B,  hypothetical  interrnediate  condition;  C,  supjwsed 
primitive  condition ;  D,  complete  tubule,  pronephric  or  mesonephric,  ao.  dorsal  aorta ;  cv.  cardmal 
vein ;  d.  longitudinal  duct  in  transverse  section ;  nc.  nephrocoel ;  rist.  nephrocoelostome ;  pc. 
communication  between  nephrocoel  and  splanchnocoel,  sc.,  corresponding  to  the  peritonea 

funnel,  p/.  (From  Goodrich’*.) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  86. 


a  remarkable  tendency  to  throw  out  tubular  gland-hke  processes.  Again, 
in  the  uterine  epithelium  there  are  indications  of  the  presence  of  two 
types  of  cell.  Does  the  uterus  therefore  correspond  to  the  nephridial 
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portion  of  an  original  mixonephridium  in  which  the  ova  were  sometimes 
delayed  in  their  passage  to  the  exterior  and  where  Nature  therefore 
began  to  provide  for  their  welfare  by  the  secretion  of  a  nutrient  fluid  ? 
Even  this  mode  of  exit  for  the  ova,  by  way  of  the  oviduct,  may  be 
secondary  and,  as  such,  dependent  on  an  earlier  failure  on  the  part  of 
the  mesonephric  tubules  to  perform  the  function  satisfactorily,  as  will 
become  evident  in  connexion  with  the  development  of  the  gonads 
themselves. 

The  series  of  segmental  tubes  of  the  next  more  posterior  region  gives 
rise  to  the  mesonephros  which  in  adult  mammals  is  never  functional  as 
such,  though  it  may  be  in  birds.  Its  duct,  however,  persists,  and  the 
mesonephric  rudiments  become  involved  in  the  genital  apparatus,  so 
that,  in  the  male,  it  is  these  tubes  which  provide  a  means  of  exit  for 
the  sperm.  The  mesonephros  generally  develops  in  much  the  same  way 
as  the  pronephros,  i.e.  by  coelomic  outgrowths  fusing  with  an  earher 
duct  rudiment.  Its  further  history  wiU  be  considered  later,  with  the 
development  of  the  gonads. 

The  functional  metanephric  kidney,  it  should  be  noted,  develops 
similarly  stiU  farther  back.  It  often  arises  from  nephrotome  rudiments 
which  are  somewhat  separate  from  the  coelomic  epithelium,  and  it 
appears  to  be  an  elaboration  of  the  Wolffian  duct  system.  It  shows  a 
great  tendency  to  form  increasing  numbers  of  tubules  by  a  process  of 
branching,  and  in  this  way  resembles  the  structures  of  nephridial  origin. 

In  worms  with  well-developed  coelomic  cavities  the  germ  cells  are 
often  found  to  be  concentrated  on  the  dorsal  wall  of  the  coelom.  The 
coelom  is,  of  course,  the  primary  genital  sac  whose  hning  therefore  con¬ 
tains  the  germ  cells.  These  may  reach  the  coelomic  wall  either  singly 
or  in  mass  from  the  endoderm,  or  perhaps  from  the  mesoderm,  or  even 
from  the  ectoderm,  but  it  is  important  to  remember  that  the  coelom  is, 
by  definition,  the  genital  sac;  sooner  or  later  it  must  contain  the  germ 
cells  even  if,  by  some  secondary  alteration  in  the  time-table  of  develop¬ 
ment,  they  are  not  present  in  the  coelomic  epithelium  from  the  start. 
When  the  cells  ripen  they  may  become  loose  in  the  cavity,  which  in 
most  higher  animals  has  enlarged  as  the  general  body  cavity,  and  they 
eventually  pass  to  the  genital  funnels  and  so  to  the  outside.  How,  then, 
is  the  gonad  of  the  vertebrate  related  to  this  simple  system  ? 

Embryologically,  the  gonads  develop  in  most  higher  vertebrates  as 
genital  ridges.  These  are  thickenings  of  the  dorsal  wall  of  the  splanchno- 
coel  in  the  region  near  the  nephrocoel  and  nephrotome  rudiments.  At 
first  there  is  an  increase  in  the  cells  of  the  underlying  mesenchyme 
stroma,  and  the  epithelium  of  the  splanchnocoel  becomes  thickened. 
Cells  then  leave  the  epithelium  and  penetrate  into  the  stroma,  at  first 
irregularly  (Text-fig.  27  a),  but  then  they  arrange  themselves  into  defi- 
mte  cord-like  structures.  Eventually  the  structures  diagrammatically 
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represented  in  Text-figs.  27  6  and  27  c  crystallize  out  from  the  masses  of 
cells.  A  possible  interpretation  of  this  system  seems  to  be  that  the  germ 
cells  become  precociously  enclosed  in  the  coelomostomes  and  coelomo- 
duct  tubes,  and  that  these  sex  cords,  and  perhaps  rete  testis  and  rete 
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Text-fig.  27.  Comparison  between  developing  gonads  and  the  adrenal  cortex. 

(а) .  Primordium  of  the  gonad,  showing  the  formation  of  sex  cords  and  cortical  substance. 

(б) .  Developing  testis. 

(c) .  Developing  ovary. 

(d) .  Section  through  the  adrenal  cortex.  ,  ^  ^  , 

((a),  (6),  and  (c)  from  Maximow  and  Bloom**,  after  Kohn  :  (d),  from  Cowdry  ,  after  Goormaghtigh.) 


ov^arii,  represent  the  rudiments  of  the  coelomic  epithelial  outgrowths  of 
these  segments  by  which  the  germ  cells  are  led  to  the  archinephric  duct; 
in  other  words,  they  represent  the  original  coelomostomes  and  coelo- 
moducts.  In  the  male  this  system  becomes  patent  in  a  few  segments, 
and  the  sperm  are  led  by  way  of  the  vasa  efferentia  and  the  mesonephric 
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or  Wolffian  duct  to  the  exterior.  In  the  female,  however,  perhaps  owing 
to  the  increased  size  of  the  ovum,  the  germ  cell  does  not  use  this  path- 
w'ay,  but  is  secondarily  shed  back  into  the  coelom,  whence  it  is  passed 
to  the  outside  by  the  one  specialized  coelomostome  remaining  from  the 
pronephros,  which  has  become  modified  into  the  I  allopian  tube.  How 
much  of  the  system  of  sex  cords  and  rete  is  actually  coelomic  in  origin 
and  how  much  nephridial  is  difficult  to  determine.  It  is  said  (Torrey®®) 
that  in  grafts  of  the  genital  ridge  a  rete  testis  develops,  while  in  grafts 
of  the  Wolffian  body  or  mesonephric  rudiment  it  does  not.  This  might 
be  taken  to  indicate  that  the  rete  testis  is  a  derivative  of  the  coelomic 
epithelial  outgrowth  rather  than  of  the  nephridial  elements. 

In  the  male  gonad  (Text-fig.  27  b)  the  cells  show  a  well-defined  distri¬ 
bution  and  pattern  of  behaviour.  First,  there  are  those  which  form  the 
rete  testis,  and  these  are  initially  arranged  in  columns  but  later  form 
open  tubes  lined  with  ciliated  epithelium.  Secondly,  there  are  those 
which  form  the  sex  cords.  These  later  line  the  seminiferous  tubes  in 
which  germ  cell  maturation  occurs  and  in  which  the  Sertoli  cells  are 
found.  The  actual  tubules  are  formed  of  connective-tissue  fibres,  and 
these  separate  the  contents  of  the  tube  from  the  general  stroma,  w'hich 
consists  of  a  few  structural  (mechanocytic)  elements  and  also  of  the 
interstitial  cells.  The  cords  separate  completely  from  the  original  coelo¬ 
mic  epithelium  and  the  mechanocytic  cells  of  the  stroma  lay  down  a 
layer  of  fibres,  the  tunica  albuginea,  between  the  two.  In  this  pattern 
it  is  important  to  consider  the  nature  and  origin  of  the  cells  in  the 
various  groups  and  their  derivation  from  the  coelomic  epithelium  in 
which  type  A  and  type  B  cells  are  probably  present.  This,  however, 
is  better  deferred  till  the  same  problem  can  be  attacked  with  reference 
to  the  ovary  and  the  closely  related  adrenal  gland. 

In  the  ovary  (Text-fig.  27  c)  the  early  development  is,  as  already 
stated,  almost  identical  with  that  of  the  testis,  except  that  the  cells 
continue  to  pass  from  the  coelomic  epithelium  into  the  substance  of 
the  organ  and  no  fibrous  coat  develops  to  separate  the  two.  The  rete 
ovarii  and  sex  cords  break  up  as  such  and  the  cells  thus  liberated  form 
the  interstitial  cells  of  the  ovary,  while  the  later  invaginated  cells  form 
vesicles  and  give  rise  to  the  ovarian  follicles,  in  which  they  constitute 
the  membrana  granulosa. 

The  adrenal  cortex  develops  in  a  very  similar  way.  Adjacent  to  the 
genital  ridge  the  coelomic  epithelium  forms  the  adrenal  cortical  rudi¬ 
ment.  Coelomic  epithelial  cells  leave  the  epithelium  proper  and  sink 
down  into  the  underlying  stroma  where  they  produce  a  pattern  almost 
identical  with  that  of  the  ovary  and  testis.  Moreover,  in  the  ovary  the 
germ  cells  become  recognizable  as  large  round  cells,  generally  surrounded 
by  other  cells  from  the  coelomic  c})ithelium  (nurse  cells),  and  in  the 
adrenal  rudiment  it  is  not  uncommon  to  find  at  one  stage  that  there 
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are  also  large  round  cells  located  in  much  the  same  way  (Uotila^®). 
These  cells  subsequently  degenerate,  and  it  is  tempting  to  think  that 
they  may  actually  be  germ  cells  which  get  into  the  adrenal  cortical  tissue 
because  the  adrenal  cortical  tissue  is  part  of  the  same  general  tissue  as 
the  ovary  and  testis;  it  is,  however,  a  part  which  has  lost  its  primary 
function  and  has  developed  as  an  endocrine  gland.  In  its  later  develop¬ 
ment  the  adrenal  cortex  forms  a  rete  (zona  reticularis),  cell  cords  (zona 
fasciculata),  and  a  follicular  zone  (zona  glomerulosa)  (Text-fig.  21  d). 

In  any  discussion  on  the  properties  of  the  various  cells  in  these  organs 
the  phylogenetic  and  ontogenetic  approach  emphasizes  two  main  fac¬ 
tors.  In  the  first  place,  the  cells  must  be  derived  from  type  A  or  type  B 
blastomeres,  and  secondly,  they  may  have  been  segregated  into  the 
coelomostome  rudiment  or  into  the  nephridial  rudiment  and  will  have 
inherited  a  characteristic  pattern  of  behaviour  in  each  case.  The  prob¬ 
lem  is  made  more  difficult  because  these  two  patterns  are  in  many  ways 
closely  similar,  for  both  coelomoduct  and  nephridium  may  achieve  a 
ciliated  coelomic  funnel  and  a  non-cihated  conducting  tube,  though 
they  do  so  by  different  methods.  There  does,  however,  seem  to  be  a 
close  paraUehsm  between  the  zona  glomerulosa  of  the  adrenal,  the  fol¬ 
licles  of  the  ovary  and  perhaps  Bowman’s  capsules,  and  the  proximal 
convoluted  tubules  of  the  kidney.  Bowman’s  capsules,  it  will  be  remem¬ 
bered,  are  nipped-off  portions  of  the  coelom.  It  should,  however,  be 
pointed  out  that  the  homology  of  the  kidney  structures  is  somewhat 
doubtful,  since  a  great  part  of  them  is  more  hkely  to  be  nephridial  in 
origin  and  have  approached  the  coelom  from  the  outside,  rather  than 
have  arisen  as  outgrowths  of  its  epithelium,  so  that  Bowman’s  capsules 
may  represent  modified  nephridiostomes.  The  close  paraUehsm,  on  the 
other  hand,  which  exists  between  the  coelomoducts  of  Peripatus  and 
the  structure  of  the  kidney  in  the  early  vertebrate  argues  against  the 
view,  and  perhaps  favours  a  coelomic  origin  for  the  proximal  part  of 
the  kidney  tubule ;  but  the  actual  relationship  of  the  coxal  glands  of 
Peripatus  to  the  coelom  of  other  animals  is  stiU  a  matter  of  dispute. 
The  secondary  multiplication  of  nephric  tubules  which  goes  on  in  the 
developing  kidney  suggests  the  inheritance  of  the  branching  nephridial 
pattern,  but  the  cortex  of  the  kidney  develops  later  than  the  rest  and 
has  an  independent  blood-supply  (Trueta,  Barclay,  Daniel,  FrankUn, 
and  Prichard®'^),  thus  perhaps  suggesting  a  separate  origin.  The  exact 
homology  of  the  kidney  structures  with  those  of  the  adrenals  and  gonads 
must  therefore  remain  doubtful. 

In  parenthesis,  it  may  be  suggested  at  this  point  that  the  meaning 
of  the  term  homology  is  in  need  of  some  clarification.  Many  structures 
may  become  similar  in  character,  though  developing  at  different  stages, 
simply  because  they  arise  from  tissue  which  has  at  some  earlier  stage 
acquired  certain  characteristic  biochemical  and  physiological  properties 
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and  particular  patterns  of  behaviour,  and  because  such  tissue  is  in 
consequence  more  likely  to  develop  in  some  directions  rather  than  in 
others.  In  other  words,  the  origin  of  the  homology  and  similarity  be¬ 
tween  organs  may  be  much  earlier  and  farther  back  in  the  evolutionary 
scale  than  is  often  supposed.  For  example,  a  given  structure  with  pro¬ 
perties  similar  to  those  of  nephridia  may  be  not  strictly  homologous 
with  a  particular  nephridium,  but  it  may  be  derived  from  tissue  capable 
of  nephridial  development,  and  thus  show  characteristics  in  common 
with  nephridia  without  itself  having  necessarily  been  derived  from  any 
one  particular  nephridium.  It  might  then  be  described  as  showing 
general  homology  with  nephridia  without  particular  homology  with  any 
one  nephridium. 

As  already  mentioned,  the  zona  glomerulosa  of  the  adrenal  cortex 
develops  by  the  cells  of  the  coelomic  epithelium  sinking  into  the  under¬ 
lying  tissue,  and  at  one  stage  of  development  vesicles  are  formed  among 
the  cells  (Gruenwald®®’^^),  strongly  suggesting  atavism  to  the  coelomo- 
stomes,  and  emphasizing  the  parallelism  with  the  developing  ovary, 
where  Pfliiger’s  egg  tubes  and  the  early  follicles  suggest  the  same  origin. 
As  in  the  ovary,  also,  cells  may  continue  to  join  the  zona  glomerulosa 
from  the  peritoneal  epithelium  till  quite  late  in  life  in  certain  species 
(Gruenwald^®).  In  fact,  there  is  some  evidence  for  a  tendency  in  the 
adrenal  cortex  for  the  cells  to  move  centrally,  away  from  the  coelomic 
cavity,  till  they  degenerate  on  the  borders  of  the  medulla  (Wotton  and 
Zwemer®*;  Hoerr^^;  Bennett^^).  It  is  also  noteworthy  in  this  connexion 
that  in  grafts  of  adrenal  cortical  tissue  (Williams®^),  those  taken  from 
the  outer  zones  will  regenerate  all  the  cortical  tissue  layers,  but  those 
from  the  zona  fasciculata  and  zona  reticulata  tend  to  degenerate. 

Just  as  the  zona  glomerulosa  and  the  follicular  layer  of  the  ovary  seem 
to  be  obvious  homologues,  the  sex  cords  of  the  gonads  and  their  deriva¬ 
tives  are  closely  paralleled  by  the  zona  fasciculata  of  the  adrenal,  while 
the  rete  testis  and  rete  ovarii  have  their  counterpart  in  the  zona  reticu¬ 
lata  of  the  adrenal.  Like  the  rete  ovarii  the  zona  reticulata,  or  more 
strictly  the  X-zone,  degenerates  as  the  animal  matures  (see  Text-fig.  27). 

These  parallels  in  morphological  behaviour  have  their  counterpart  in 
cell  structure  and,  more  particularly,  in  cell  metabolism,  and  from  this 
point  of  view  the  cells  of  the  adrenal  cortex  may  be  studied  in  more 

detail  and  their  peculiarities  discussed  in  relation  to  the  probable  origin 
of  the  gland. 

There  is  one  outstanding  property  which  is  shared  to  a  greater  or  less 
extent  by  the  ceUs  of  the  adrenal  cortex  and  the  cells  in  the  gonads. 
Ihis  IS  best  described  at  present  as  their  special  lipid  metabolism.  Of 
a  the  tissues  m  the  body,  those  under  discussion  are  characterized  by 
the  storage  of  sterols  and  other  lipoid  substances,  and  by  the  secretion 
of  sterols  mto  the  blood-stream,  where  they  act  as  hormones.  It  is 
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interesting  to  note  also  that  the  fat-body  in  amphibia  seems  to  belong 
to  the  same  system,  and  the  causation  of  this  lipoid  metabolism  may 
initially  have  concerned  the  nutrition  of  the  ova  and  sperm,  and  it  may 
well  be  the  remains  of  the  characteristic  yolk  storage  by  the  type  B 
blastomeres  from  which  the  coelomic  cells  are  in  part  derived. 

From  the  adrenal  cortex  there  have  been  extracted  two  main  groups 
of  physiologically  active  steroids.  One  group,  exemplified  by  desoxy- 
corticosterone,  acts  primarily  on  the  salt  balance  of  the  body  and 
regulates  the  excretion  of  Na  and  Cl  by  the  kidney ;  the  other,  of  which 
corticosterone  and  cortisone  are  examples,  affects  carbohydrate  meta¬ 
bolism  and  the  distribution  of  glucose.  In  addition  many  other  steroids, 
including  the  sex  hormones,  androsterone,  progesterone  and  oestrone, 
have  been  obtained  from  the  adrenal  cortex,  and  these  last  may  in  part 
be  responsible  for  the  abnormal  sexual  changes  which,  like  virilism  in 
women,  are  correlated  with  hypertrophy  or  malfunction  of  the  adrenal 
cortex,  and  particularly  of  its  inner  zones.  There  is  some  evidence  to 
suggest  that  the  cells  of  the  zona  glomerulosa  mostly  produce  the  salt 
regulators  while  the  carbohydrate  regulators  derive  from  the  zona 
fasciculata.  The  fact  that  the  main  hormones  of  the  adrenal  cortex, 
while  closely  similar  in  structure  and  origin  to  the  sex  hormones,  are 
primarily  concerned  with  the  regulation  of  the  composition  of  body 
fluids,  is  of  great  interest  in  view  of  the  probable  phylogenetic  relation¬ 
ship  with  coelomoduct  or  mixonephridial  tissues  which  in  more  primitive 
animals  must  have  had  a  precisely  similar  function.  The  recent  observa¬ 
tion  of  BahU  that  the  coelomic  fluid  of  earthworms  contains  no  glucose 
is  probably  significant  in  this  connexion  as  indicating  the  ability  of  the 
coelomic  epithelium  or  some  part  of  it  to  regulate  the  distribution  of 
glucose. 

The  distribution  of  lipids  in  the  adrenal  cortex  is  a  matter  of  con¬ 
siderable  uncertainty  and  variabihty,  and  their  complete  composition 
is  far  from  being  determined.  One  or  two  features,  however,  stand  out 
clearly.  The  lipids  of  the  zona  glomerulosa  behave  independently  of 
those  in  the  zona  fasciculata.  For  example,  castration  in  rats  leads  to 
a  general  increase  in  the  stainable  lipids  of  the  adrenal  cortex,  perhaps 
in  an  attempt  to  compensate  for  the  loss  of  the  sterols  which  are  usually 
produced  by  the  testes.  Subsequent  administration  of  testosterone  or 
androsterone  will  then  deplete  the  zona  fasciculata  and  zona  reticulata 
almost  entirely  but  wiU  leave  the  zona  glomerulosa  laden  with  sudano- 
philic  granules  (Hall  and  Korenschevsky^®)  (Plate  1,  Figs.  1-4).  On  the 
other  hand,  the  zona  glomerulosa  may  be  emptied  of  its  lipids  by  ad¬ 
ministration  of  desoxycorticosterone  (Creep  and  Deane^®).  Hypophysec- 
tomy  (Deane  and  Greep^^)  also  causes  the  lipids  to  disappear  from  the 
zona  fasciculata  and  leaves  those  of  the  zona  glomerulosa  intact.  Ad¬ 
ministration  of  corticotropic  hormone  causes  deposition  of  lipids  in  the 


479 


SOME  ASPECTS  OF  EVOLUTIONARY  CYTOLOGY 

zona  fasciculata,  but  gonadotropic  hormone  may  entirely  deplete  this 

zone  (Carreyett,  Golla,  and  Reiss^®). 

The  hpids  are  clearly  of  several  types  and  are  not  all  steroids,  though 
their  composition  and  distribution  is  much  in  need  of  investigation. 
Crude  measurements  of  weight  or  observations  on  the  presence  or  ab¬ 
sence  of  sudanophil  granules  are  therefore  of  very  little  use  in  investiga¬ 
tions  of  the  functional  changes  in  the  cortical  cells.  All  the  particles 
which  stain  with  Sudan  III  or  Sudan  black,  or  which  blacken  with  osmic 
acid,  are  certainly  not  steroids,  though  there  are  reasons  to  beheve  that 
these  substances  are  sometimes  abundant  in  the  adrenal  cortex.  The 
following  table  (Table  II)  outlines  som.e  of  the  main  methods  which  have 

Table  II.  Staining  Reactions  xised  in  the  Detection  of  Lipids 

Sudan  III  and  Sudan  IV.  Triglycerides  in  particular ;  less  soluble  in  other  lipids 
(Baker*). 

Sudan  Black.  Stains  most  lipids  in  the  cell.  More  soluble  in  lipids  other  than 
triglycerides. 

Nile-blue  Sulphate.  Negative  reaction  (blue) ;  saturated  glycerides,  fatty  acids, 
and  lipins. 

Positive  reaction  (red) ;  \insaturated  glyceride,  olein. 

(N.B.  There  is  also  metachromatic  staining  of  mucin  (Cowdry^*).) 

Schultze's  Modification  of  Liehermann' s  Method.  A  dark  blue  or  reddish -purple 
colour  develops  and  changes  to  green  if  a  section  containing  cholesterol  and 
its  esters  is  treated  with  iron  alum  and  then  with  a  mixtiire  of  equal  parts 
of  concentrated  sulphuric  acid  and  glacial  acetic  acid  (Lison^*). 

Smith- Dietrich  Test.  Treatment  with  potassium  bichromate,  followed  by  staining 
with  Kultschitsky’s  haematoxylin  and  differentiation  with  borax -ferro- 
cyanide  causes  lipins  to  appear  blue -black  or  grey -black,  though  lecithin 
alone  may  escape  detection  (Baker’ ;  Lison^*). 

Ciaccio' 3  Methods.  1 .  Treatment  with  potassium  bichromate  renders  certain  lipids 
insoluble  but  stainable  with  Sudan  III,  while  others  are  dissolved  in  the 
making  of  paraffin  sections.  Lipins  and  mixtures  of  cholesterol  or  cholester- 
ides  with  oleic  acid  are  made  visible. 

2.  Method  1  is  preceded  by  an  acetone  extraction.  Phospho-  and  galactolipins 
only  are  stained  (Lison^*). 

Digitonine  Test  (Windaics's  method).  Free  cholesterol. 

Phenyl  Hydrazine  Reaction  {Pechet's  modification).  Corticosterones  (Yoffey  and 
Baxter**). 

Osmic  Acid.  Not  specific. 

Plasmal  Reaction.  Ketosteroids  and  aldehydes  of  fatty  acids  (Lison*®). 

Acid  Haematein  Reaction.  Positive  after  pyridine  extraction  indicates  lipins 
(Baker’). 

Birefringence.  Free  cholesterol.  Glycerides  and  fatty  acids  may  be  birefringent 
after  treatment  with  formalin.  Cholesterides  may  be  birefringent  at  low 
temperatures. 

been  applied  to  the  study  of  the  cells  of  the  adrenal  cortex  and  the 

possible  meaning  to  be  attached  to  the  findings.  There  is  clearly  room 
for  greater  precision. 

The  lipid  content  of  the  interstitial  cells  of  the  testis  and  ovary  is  also 
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very  high  and  again  very  variable.  For  example,  the  cells  of  the  mem- 
brana  granulosa,  before  the  follicle  ruptures,  are  mostly  small  and  with¬ 
out  much  inclusion  material  in  the  cytoplasm,  but  as  soon  as  the  follicle 
IS  ruptured  the  cells  hypertrophy  and  become  laden  with  lipids.  The 
liberation  of  oestrogens  by  the  folhcle  cells  and  of  progesterone  by  the 
luteal  cells  is  of  course  well  known,  but  the  parts  played  by  the  granu¬ 
losa  cells  and  the  cells  of  the  theca  interna  in  the  formation  of  these 
hormones  is  by  no  means  clear.  The  interstitial  cells  of  the  testis  are 
generally  sudanophil  and  are  the  seat  of  origin  of  the  androgenic  sterols. 

At  first  sight  the  kidney  does  not  seem  to  fit  into  this  picture  of  hpid 
metabohsm,  but  in  some  species,  as,  for  example,  the  cat  and  the  dog, 
lipoid  material  is  often  stored  in  large  quantities  in  the  proximal  con¬ 
voluted  tubules  and  the  tubuH  recti.  In  the  cat  it  is  nearly  all  in  the 
convoluted  tubules;  in  the  dog  these  are  devoid  of  fat,  but  the  tubuli 
recti  are  laden  (Foote  and  Graafflin^®).  The  nature  of  the  lipid  has  not 
been  determined,  but  it  is  said  to  vary  in  amount  quite  independently 
of  the  amount  of  other  storage  fats  in  the  body  (Modelp2).  Gerard  and 
Cordier^^  p^ve  called  attention  to  the  fact  that  cholesterol,  when  intro¬ 
duced  into  the  body  cavity  of  urodeles,  may  be  segregated  by  the  cells 
in  a  particular  region  of  the  proximal  convoluted  tubule  of  the  kidney 
(mesonephros),  and  they  have  also  observed  that  the  nephridial  funnels 
of  earthworms  show  the  same  property.  It  is  clear,  therefore,  that  there 
is  evidence  for  the  inheritance  of  some  special  hpoid  metabolism  by  the 
cells  of  the  kidney,  and  also  for  the  functional  similarity  between 
nephridiostome  and  coelomostome. 

The  probabihty  that  many  of  the  lipids  in  the  ‘coelomoduct-derived’ 
tissues  are  lipins,  and  particulary  phospholipins,  as  judged  by  the  acid 
haematein  reaction  and  by  tests  with  Nile-blue,  may  be  connected  with 
the  presence  of  phosphatase  in  the  tissues,  though  in  the  kidney  other 
functions  have  been  assigned  to  this  enzyme.  When  tested  with  glycero¬ 
phosphate  as  substrate,  as  in  the  original  Gomori  technique  (Gomori^^), 
the  distribution  of  alkaline  phosphatase  in  the  cells  of  the  urinogenital 
system  is  very  variable  from  species  to  species  and  in  the  different 
organs.  The  proximal  convoluted  tubules  of  the  kidney  are  laden  with 
phosphatase  in  aU  species  examined.  The  theca  interna  of  the  ovarian 
follicle  is  frequently  positive  to  the  test,  and  the  corpus  luteum  may  also 
contain  many  positive  cells.  In  the  testis  the  cells  of  the  seminiferous 
tubules  give  a  positive  reaction,  but  the  interstitial  cells  are  negative. 
In  the  adrenal  cortex  the  zona  glomerulosa  is  nearly  always  negative, 
except  in  the  guinea-pig,  while  the  other  zones,  particularly  those  to¬ 
wards  the  centre  of  the  gland,  are  sometimes  positive  and  sometimes 
negative  (Plate  1,  Figs.  5-10). 

These  results  should,  how^ever,  be  treated  wdth  caution,  because  it  has 
been  shown  (Dempsey  and  Wislocki^^)  that  there  may  be  several  alkaline 
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phosphatases,  each  specific  for  a  particular  substrate,  e.g.  nucleic  acids, 
glycerophosphates,  hexose  phosphates,  &c.,  and  the  phosphatase  distri¬ 
bution  in  the  adrenals  and  sex  glands  is  in  need  of  re-investigation  from 
this  point  of  view. 

When  considered  either  as  derivatives  of  coelomoducts  with  ciliated 
coelomostomes  or  of  nepliridiostomes,  the  cells  of  these  organs  may  be 
expected  to  show  one  or  two  atavistic  features.  This  they  seem  to  do, 
for  the  brush  border  of  the  cells  of  the  proximal  convoluted  tubules  of 
the  kidney  may  well  be  the  expression  of  a  past  history  of  the  formation 
of  cilia.  Moreover,  the  proximal  convoluted  tubules  have  the  capacity 
for  storing  vital  dyes  and  other  particulate  matter  (athrocytosis), 
different  substances  being  picked  up  in  different  places  along  the  length 
of  the  tubule.  In  view  of  the  possible  relationship  between  the  cells  of 
the  kidney  tubule  and  those  of  the  adrenal  cortex  the  observation, 
already  noted,  that  cholesterol  is  picked  up  mainly  by  the  cells  in  the 
middle  region  of  the  tube  (Gerard  and  Cordier^^)  is  of  some  interest. 
The  zona  glomerulosa  of  the  adrenal  cortex  also  picks  up  such  vital 
dyes  as  trypan  blue  (Baxteri^).  Both  in  the  kidney  and  in  the  adrenal 
cortex  the  dyes  are  stored  as  fine  particles  and  not  diffusely  as  by  the 
typical  histiocytes.  Some  of  the  cells  of  the  membrana  granulosa  of  the 
ovary  show  similar  properties,  and  so  do  some  of  the  interstitial  cells 
in  the  testis,  at  least  in  certain  animals  (Rasmussen®®). 

In  several  species  of  polychaete  worms  {Hesionidae,  Olyceridcie,  and 
Nereidae)  the  coelomic  funnel  has  a  phagocytic  epithelium  and  free 
phagocytes  are  often  found  in  the  cavity.  So-called  phagocytal  organs 
are  formed,  and  the  genital  funnel  may  lose  its  original  function  of  con¬ 
veying  the  germ  cells  to  the  outside,  and  be  concerned  entirely  with 
‘cleaning  up’  the  coelomic  cavity  (Goodrich®^). 

Yellow  lipochrome  pigmentation,  in  which  carotin  and  xanthophyU 
have  been  identified,  is  a  common  feature  of  the  urinogenital  tissues. 
The  adrenal  cortex,  the  kidney  cortex,  some  of  the  cells  of  the  corpus 
luteum,  as  well  as  the  interstitial  cells  of  the  ovarian  stroma  and  some 
of  the  interstitial  cells  of  the  testis,  all  contain  visible  amounts  of  yellow 
pigment.  The  distribution  in  the  corpus  luteum  and  among  the  inter¬ 
stitial  cells  of  the  testis  is  similar  in  that  only  certain  ceUs  contain  ex¬ 
tensive  amounts  of  the  pigment,  while  other  cells  are  almost  free  of  it. 
The  pigmented  cells  often  occur  in  groups.  Simdar  pigments,  of  course 

verv  m""  pigmentation  is  certainly  a 

very  conspicuous  characteristic  of  the  cells  under  consideration.  It  may 

al  ^  ''''  the  pigments 

are  soluble  m  the  lipids  of  the  cells,  and  so  collect  there  in  much  the 

same  way  as  Sudan  III  dissolves  in  the  fat  in  the  usual  test  for  lipids 

Other  fat  depots  often  contain  fat  which  is  quite  as  heavily  pigmented 
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Bahl®  has  recently  reported  that  in  the  nephridia  of  certain  worms  the 
cells  may  contain  large  amounts  of  haemochromogens.  An  investigation 
of  the  iirinogenital  tissues  of  vertebrates  along  these  lines  might  prove 
of  interest. 

Another  characteristic  histological  property  common  to  several  groups 
of  cells  in  the  iirinogenital  system  is  the  fuchsinophil  quality  of  the  cells. 
Fuchsinophil  cells  occur  in  the  inner  zone  of  the  adrenal  cortex,  particu¬ 
larly  the  X-zone,  in  the  interstitial  cells  of  the  testis,  in  the  corpus 
luteum,  and  in  the  convoluted  tubules  of  the  kidney,  particularly  in  the 
young  animal.  Once  again,  however,  it  is  necessary  to  stress  the  non¬ 
specificity  of  this  staining,  and  until  the  basis  for  it  can  be  firmly 
established  it  may  mean  very  little.  On  the  other  hand,  there  is  clearly 
a  functional  relationship  between  the  X-zone  of  the  adrenal  cortex  and 
the  gonads;  this  fuchsinophilia  may  therefore  be  an  index  of  the  common 
function.  The  plasmal  reaction  which  is  given  by  ketosteroids  and  alde¬ 
hydes  of  fatty  acids  is  given  by  many  of  the  same  tissues,  and  these 
also  stain  heavily  in  iron  haematoxylin  preparations  (Bennett Hoerr^^; 
Lobban^®).  In  the  mouse  embryo  there  is  a  well-developed  X-zone, 
which  in  the  male  disappears  at  puberty.  In  the  female,  the  zone  per¬ 
sists  after  puberty  but  retrogresses  sfightly  during  each  oestrous  cycle, 
and  is  almost  completely  reduced  during  pregnancy  (Deanesley^^)  (Plate 
2).  It  behaves  as  if  it  produced  some  essential  commodity  for  the  animal 
which  became  unnecessary  when  the  sex  glands  became  active  in  the 
production  of  the  male  sex  hormones  or  of  the  related  hormones  of  the 
corpus  luteum.  In  the  human  adrenal  cortex,  the  corresponding  part, 
often  known  as  the  foetal  cortex  or  androgenic  zone,  is  the  part  which 
hypertrophies  in  cases  of  virilism  in  women,  and  under  these  conditions 
the  cells  of  the  ovarian  stroma  and  of  the  corpus  luteum  show  atrophic 
changes. 

Castration  in  rats,  as  already  mentioned,  causes  hypertrophy  of  the 
adrenal  cortex  and  leads  to  an  excessive  deposit  of  fatty  substances  in 
the  cortical  tissue,  a  deposit  which  can  be  abolished  by  administration 
of  testosterone  (Hall  and  Korenschevsky^®).  Furthermore,  periodic 
changes  in  the  adrenal  cortex  in  relation  to  the  oestrous  cycle  occur  in 
the  female  rat  (Anderson  and  Kennedy^);  and  finally,  adrenal  tissue  may 
start  to  develop  in  the  stroma  of  the  ovary  when  the  adrenals  have  been 
removed  (Groat^^),  and  similar  tissue  sometimes  occurs  in  the  testis. 

Such  a  list  of  mutual  interactions  between  testis,  ovary,  and  adrenals 
could  be  still  further  lengthened,  but  sufficient  has  been  said  to  make 
it  clear  that  these  tissues  should  all  be  considered  together  as  part  of 
one  system,  and  the  kidney  should  also  be  included,  though  perhaps 
less  intimately,  within  this  system.  Ontogeny  emphasizes  the  fact 
that  all  these  tissues  are  derivatives  of  the  coelomic  epithelium  and  its 
immediately  associated  mesodermal  and  mesenchymal  elements,  an  , 
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therefore,  that  they  may  be  expected  to  exhibit  family  resemblances. 
Phylogeny  adds  to  the  picture  by  showing  that  they  are  probably 
derivatives  of  ancient  coelomic  canals  (using  this  term  in  its  broad  sense 
of  tubes  connecting  the  coelom  with  the  outside)  which  combined  the 
functions  of  leading  the  sex  cells  to  the  exterior  and  of  regulating  the 
composition  of  the  body  fluids. 

The  phylogenetic  approach  may  have  another  contribution  to  make 
to  the  picture,  for  there  is  one  further  unifying  feature  between  these 
coelomoduct  derivatives;  they  are  all  under  the  thumb  of  the  pituitary 
gland;  and  their  own  activities,  in  their  turn,  largely  determine  the 
direction  in  which  this  hypophysial  thumb  twiddles.  It  is  pertinent, 
therefore,  to  inquire  into  the  nature  of  these  connexions  and  inter¬ 
actions,  and  into  the  mechanisms  by  which  they  are  brought  about. 

If  the  tissues  in  question,  i.e.  the  urinogenital  tissues,  are  all  deriva¬ 


tives  from  the  common  system  of  coelomoducts,  it  is  probable  that  they 
should  all  be  affected  to  a  greater  or  less  extent  by  any  agent  which 
affected  one  of  them.  The  reaction  might  not  always  be  the  same— in 
fact,  it  almost  certainly  would  not  be,  since  the  cells  come  to  lie  in 
diffeient  environments  and  have  evolved,  more  or  less,  in  different 
directions  but  it  is  reasonable  to  expect  some  sort  of  reaction  in  response 
to  a  common  stimulus  or  to  a  stimulus  which  is  effective  on  one  member 
of  the  family.  How,  then,  does  the  pituitary  become  involved? 

The  answer  to  this  question  is  probably  to  be  found  in  the  solutions 
to  two  other  problems.  The  flrst  concerns  the  nature  of  the  relationship 
between  coelomoducts  and  nephridia  and  their  representatives  in  the 
vertebrate  body,  and  the  second  concerns  the  phylogenetic  origin  of 
the  hypophysis.  Unfortunately,  those  animals  from  which  an  answer 
to  the  second  question  might  have  been  expected,  namely,  the  direct 
ancestors  of  the  vertebrates,  have  chosen  to  become  extinct  and  to  leave 
no  trace  behind  them,  so  that  the  approach  has  necessarily  to  be  indirect. 

as  een  argued  that  nephridia  were  originally  segmental  tubules 
leading  from  the  exterior  and  ending  blindly  in  flame  cells,  or  else  open- 
mg  into  the  coelomic  cavity  by  way  of  nephridiostonies.  Coelomoducts 
m  the  restricted  sense  of  the  word,  seem  also  to  have  been  originallv  seg- 
naental.  arising  as  outgi-owths  of  the  segmental  coelomic  cavities.  What 

svst"eins'‘hiHtr“ii  /hese  two  segmentally  arranged  and  separate 

oftlTr  I  r  '’,f  "'hat  is  their  fate  in  the  different  regions 

of  the  body  ?  Ihcse  are  the  questions  which  need  to  be  solved  If  as 

entire"ffroT""T‘’  ‘n''  ®y?tem  of  vertebrates  is  derived 

systein^which  r  that  the  nephridial 

system  W  di  a  1^  Phylogenetically  older  than  tlie  coelomoduct 

Ss  whicrotcT”®,  that  the 

they  dienerate  at™  T  ""hryo,  or  else  that 

y  generate  at  an  early  age.  For  such  a  thing  to  happen  to  the 
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whole  system  seems  a  little  unlikely  though,  of  course,  not  impossible. 
There  is  only  one  system  of  tubules  in  Peripatm  (see  Text-fig.  21),  so 
something  of  the  same  sort  has  happened  in  the  evolution  of  this  creature, 
and  it  may  be  that  this  event  will  prove  the  key  to  the  problem  in 
relation  to  the  vertebrates.  Although  no  invagination  from  the  epi¬ 
dermis  is  observed  in  the  formation  of  the  segmental  tubes  in  PeripattLs, 
nephridioblasts  may,  as  suggested  for  the  archinephric  duct  in  the 


Text-fig.  28.  Left-side  view  of  anterior  region  of  larval  Amphioxus. 

br.  brain ;  cgl.  club-shaped  gland ;  Em.  dorsal  edge  of  mouth ;  end.  endostyle ;  top.  external  open¬ 
ing  of  gland;  gs'.  first  primary  gill-slit;  he.  head  cavity;  Hneph.  Hatschek’s  nephridium;  top. 
internal  opening  of  gland ;  mt'.  first  myotome ;  neph.  nephridium ;  nt.  notochord ;  pph.  peri¬ 
pharyngeal  ciliated  tract ;  ppt.  preoral  pit ;  prm.  preoral  muscle ;  ptm.  postoral  muscle ;  rm.  rostral 
muscle;  so.  preoral  sense-organ;  vbv.  ventral  blood-vessel.  (From  Goodrich®*.) 

Reproduced  by  permission  from  the  Quarterly  Journal  of  Microscopical  Science,  vol.  74. 

vertebrate,  be  involved  in  the  formation  of  what  is  usually  regarded  as 
a  coelomoduct,  on  the  grounds  that  the  primary  outgrowth  is  from  the 
coelomic  mesoderm.  In  this  sense  the  segmental  tubes  would  be  strictly 
mixonephridia,  not  coelomoducts,  but  the  nephridial  rudiment  is  preco¬ 
ciously  segregated,  perhaps  as  individual  cells,  into  the  mesenchyme, 
and  does  not  appear  by  invagination  of  a  definite  structure  from  the 
ectoderm.  However,  the  case  of  Peripatus  is  probably  to  be  considered 
as  one  of  parallel  evolution  and  not  necessarily  relevant  to  the  problem 
in  the  vertebrates,  except  in  so  far  as  it  shows  a  type  of  behaviour  which 
may  develop  from  a  primitive  nephridial  and  coelomic  pattern. 

While  nephridia  in  most  worms  tend  to  be  segmental  throughout  the 
length  of  the  worm,  coelomostomes  and  genital  pores  are  less  widely 
distributed,  and  the  anterior  segments  may  not  possess  them.  In  Am¬ 
phioxus  nephridia  are  well  developed,  and  the  pre-oral  pit,  which  later 
in  development  becomes  Muller’s  organ,  is  considered  to  be  the  remnant 
of  the  nephridium  of  the  first  segment  and,  interestingly  enough,  it  has 
for  a  time  in  the  young  animal  an  opening  into  the  left  head  cavity, 
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a  cavity  which  is  presumably  the  coelomic  space  belonging  to  the  first 
segment.  The  pre-oral  pit  is  a  ciliated  depression  apparently  concerned 
with  passing  a  current  of  fluid  towards  the  mouth  (Text-fig.  28).  In  the 
fully  developed  Amphioxus  the  corresponding  organ  contains  several 
sorts  of  cells  and  consists  essentially  of  a  ciliated  pit  surrounding  a 
deeper  depression  known  as  Hatschek’s  pit,  which  has  long,  rod-shaped 
ciliated  cells  in  addition  to  those  of  the  more  usual  ciliated  type.  The 


Lateral  lobe 


Muscles 


Text-fig.  29.  Diagram  illustrating  the  relations  in  transverse  section 
between  the  hypophysis  and  premandibular  somites  in  a.  Amphioxus-, 
h.  Torpedo-,  c.  Duck;  and  d.  other  amniotes.  (After  de  Beer-®.) 


comparison  of  the  form  of  these  cells  with  that  of  some  solenocytes 
suggests  itself  on  the  basis  of  a  nej^hridial  origin  for  the  two  groups. 
Finally,  there  is  another  structural  character  of  the  organ  which,  in 
view  of  the  possible  function  of  the  organ,  is  a  point  of  great  importance; 
there  are  copious  blood-vessels  on  one  side  of  the  ciliated  pit.  Now  the 
pre-oral  pit  has  been  suggested  (de  Beer^^)  as  the  homologue  of  the 
primitive  pituitary  body,  or  rather  of  its  non-nervous  part.  This  idea 
receives  support  from  the  observation  that  in  the  development  of  the 
elasmobranch,  Torpedo,  Rathke  s  pocket,  which  is  the  stomodaeal 
evagination  which  gives  rise  to  the  anterior  lobe  of  the  pituitary,  opens 
for  a  time  by  lateral  diverticula  into  the  cavity  of  the  first  somite. 
Similar  diverticula  are  also  seen  in  the  duck  (Text-fig.  29).  These  ob¬ 
servations  all  suggest  that  the  anterior  lobe  of  the  pituitary  is  a  modi¬ 
fication  of  the  nephridial  and  (or)  coelomoduct  rudiment  corresponding 
to  the  first  segment  (de  Beer^^).  The  recent  observation  by  Bacq  and 
hlorkm2  that  the  so-called  neuroglandular  organ  of  the  Ascidian,  dona, 
contams  oxjdocic  and  melanophore-expanding  principles  raises  the 
question  of  the  relationship  between  this  organ,  possible  coelomoducts 
or  nephridial  elements  in  Ascidians,  and  the  pituitary  complex. 
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If  the  pre-oral  pit  of  Amphioxus  is  really  an  indication  of  the  origin 
of  the  hypophysis  (excluding  the  pars  nervosa,  which  is  clearly  of  neural 
origin),  then  several  relevant  facts  emerge.  In  the  first  place,  the  tissue 
is  of  the  same  general  type  as  the  tissue  which  has  become  modified 
into  the  urinogenital  system,  for  both  are  developed  from  the  segmental 
coelomic  canals,  using  the  expression  again  in  its  broad  sense  to  describe 
tubules  opening  from  the  coelom,  i.e.  cavities,  to  the  exterior,  without 
prejudice  as  to  whether  the  tubes  are  nephridia,  mixonephridia,  or  true 
coelomoducts.  Secondly,  on  the  balance  of  available  evidence,  the  hypo¬ 
physis  would  seem  rather  to  be  a  derivative  of  a  nephridial  system, 
whereas  much  of  the  gonad  tissue  is  more  obviously  of  coelomoduct 
origin. 

Within  the  urinogenital  system  it  has  been  shown  that  the  function 
of  one  part  affects  the  activity  of  another.  Sexual  activity  modifies  the 
behaviour  of  the  adrenal  cortex,  and  vice  versa.  Desoxycorticosterone 
modifies  the  excretion  of  Na  and  Cl  by  the  kidney  tubules.  Ovarian 
activity  modifies  the  behaviour  of  the  endometrium  of  the  uterus. 
Clearly  these  effects  need  not  be  confined  to  the  urinogenital  system 
proper,  but  may  well  spread  to  other  derivatives  of  those  tissues  from 
which  the  urinogenital  system  takes  origin;  under  this  heading  the 
pituitary  now  becomes  involved.  It  not  only  becomes  involved  but  it 
may  be  expected  to  dominate  the  system,  and  for  this  reason:  the 
nephridia  and  coelomoducts  have,  primarily  or  secondarily,  the  func¬ 
tion  of  regulating  the  composition  of  the  body  fluid  and  coelomic  fluid. 
It  is  they  which  must  deal  with  changes  in  the  sahnity  of  the  environ¬ 
ment  or  with  adapting  the  organism  to  the  fluid  intake.  Now  the  pre¬ 
oral  pit,  Muller’s  wheel  organ,  and  Hatschek’s  pit  in  Amphioxus  have 
always  been  regarded  as  merely  transporting  food  to  the  mouth,  but  it 
seems  hkely  enough  that  in  transporting  the  food  they  are  in  reality 
acting  as  ‘sense  organs’  for  the  composition  of  the  fluid,  but  sense  organs 
of  a  peculiar  type.  The  activity  of  such  cells  will  be  modified  by  any 
abnormality  in  the  composition  of  the  fluid  bathing  them,  and  messages 
may  be  sent  by  the  blood,  with  which,  as  already  stressed  (p.  485), 
Muller’s  organ  and  Hatschek’s  pit  are  copiously  supplied,  to  the  rest 
of  the  body,  and  in  particular  to  the  other  nephridial  or  coelomoduct 
tissue.  Evolution  has  then  ensured  that  those  parts  which  respond 
effectively  do  so.  Thus,  if  an  aquatic  animal  similar  to  Amphioxus 
enters  an  environment  of  reduced  salinity  or  lower  osmotic  pressure, 
water  will  tend  to  penetrate  the  body  and  greater  excretion  may  be 
required  from  the  nephridia,  but  at  the  same  time  Na  and  Cl  will  have 
to  be  retained;  alternatively,  high  salinity  of  the  external  medium  may 
mean  that  water  has  to  be  conserved  by  the  body  and  Na  and  Cl  ex¬ 
creted.  The  pituitary  ‘sense  organ’  in  the  form  of  the  Hatschek  s  pit 
complex  may  cause  the  necessary  modification  of  the  more  posterior 
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units  by  ‘tasting’  the  water  before  it  enters  the  body,  and  passing  a 
hormone  into  the  blood  to  cause  the  necessary  modification  of  excre¬ 
tion.  Furthermore,  it  is  of  vital  necessity  that  the  germ  cells  should 
not  be  shed  into  an  unsuitable  environment,  so  that  control  of  the 
coelomoducts  in  relation  to  the  composition  of  the  environment  would 
also  be  an  obvious  advantage. 

In  the  higher  animals,  the  vascular  system  becomes  much  more  im¬ 
portant  as  the  unifying  system  of  the  body  than  the  coelomic  fluid. 
Consequently,  on  the  one  hand  the  coelomic  canals  (coelomoducts  or 
nephridia)  come  into  more  intimate  contact  with  the  vascular  system 
with  the  formation  of  glomeruli,  and,  on  the  other,  the  ‘sense  organ’ 
is  removed  from  the  surface  of  the  animal  and  there  is  a  further  increase 
in  its  vascularity,  with  the  formation  of  the  ‘secretory’  part  of  the 
pituitary.  From  now  onwards  it  is  changes  in  the  composition  and 
osmotic  pressure  of  the  blood,  rather  than  of  the  external  environment, 
which  affect  this  ‘sense  organ’.  The  changes  of  the  external  environ¬ 
ment  are  meanwhile  becoming  more  the  concern  of  the  ‘special  senses’, 
for  which  special  organs  become  evolved.  The  intimate  relationship 
betw-een  the  coelomoduct  derivatives  and  the  vascular  system  allows 
better  control  by  means  of  the  pituitary  because  regulation  can  be  on 
a  reciprocal  basis,  pituitary  affecting  urinogenital  system  and  vice 
versa.  The  situation  is  comparable  with  the  regulation  of  the  oxygen 
content  and  of  the  hydrogen  ion  concentration  of  the  blood  by  the 
respiratory  centre  and  carotid  body  becoming  sensitive  to  changes  in 
blood  composition. 

Removal  of  the  ‘sense  organ’  from  the  periphery,  with  its  consequent 
disadvantages  caused  by  the  loss  of  contact  with  the  outside  world,  is 
compensated  by  establishing  a  connexion,  probably  largely  vascular, 
between  the  hypothalamic  part  of  the  nervous  system  and  the  anterior 
pituitary,  and  the  development  of  osmo-regulation  via  the  supra-optic 
nuclei,  and  the  neurohypophysis  is  a  further  logical  development  (Ver- 
ney^»).  Interestingly  enough,  this  move  in  the  anterior  end  of  the  body, 
by  which  secretory  and  neural  tissue  are  brought  together,  has  its 
counterpart  posteriorly  in  the  urinogenital  complex  in  the  union  between 
the  cells  of  the  adrenal  cortex  and  the  modified  sympathetic  ganglion 
cells  of  the  adrenal  medulla. 


In  1903  GaskeU^*  suggested  that  the  pituitary,  the  thyroids,  the 
parath^oids  the  thymus,  the  adrenals,  and  tlie  urinogenital  system 
were  all  the  derivatives  of  the  primitive  coxal  glands,  as  found  in  such 
creatures  as  Penpal.  A  review  of  the  activities  of  the  pituitary  clearly 
indicates  that  this  list  of  organs  includes  those  which  are  most  affected 
by  pituitary  secretions  and  among  which  there  are  numerous  mutual 

fit  thisIdeT'th^^  pituitary  effects,  which  at  first  sight  seem  not  to 
fit  this  Idea,  the  growth  hormone  may  exert  its  effect  by  multiple  action 
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on  several  organs  rather  than  specifically  on  growing  cells.  Indeed,  it 
appears  to  have  no  action  on  the  latter  when  tested  by  experiments  in 
tissue  cultures.  The  effect  of  prolactin  on  the  mammary  gland  may 
become  explicable  when  more  is  known  of  the  phylogenetic  origin  of  this 
gland,  and  the  same  applies  to  the  influence  of  the  pituitary  on  the  pan¬ 
creas.  In  this  connexion  the  ultimate  fate  of  nephridia  must  be  investi¬ 
gated,  for,  as  Bahl  has  showm  (see  p.  456),  nephridia  may  subdivide  into 
numerous  small  nephridia,  each  opening  to  the  surface  in  a  manner 


Text-fig,  30.  Diagrammatic  representation  of  the  body  of  Pheretima  posthuma,  indi¬ 
cating  the  three  types  of  nephridia  present.  (After  Bahl®.) 

similar  to  the  sw'eat  glands  of  higher  animals ;  and  also  in  some  worms 
nephridia  become  connected  with  the  gut  rather  than  opening  on  to  the 
external  surface,  and  one  wonders  what  is  the  phylogenetic  origin  of 
the  sweat  glands,  the  follicles  of  Langerhans  in  the  ammocoete  larva, 
the  pancreas,  and  the  other  glands  of  the  alimentary  canal.  The  various 
types  of  nephridial  variant  are  seen  in  Text-fig.  30,  which  shows  the 
arrangement  in  the  Megascolecid  worm,  Pheretima.  The  question  there¬ 
fore  arises  as  to  whether  mammary  glands  and  pancreatic  ducts  are 
related  to  an  earlier  nephridial  system,  or  is  it  merely  that  the  action 
of  the  pituitary  is  on  some  primitive  metabolic  characteristic  common 
to  large  families  of  cells?  In  another  field  oestrogens,  for  example, 
seem  to  alter  the  mitotic  rate  in  numerous  epithelia  (Bullough^’).  Can 
these  epithelia  all  be  shown  to  have  been  derived  from,  say,  type  A 
blastomere  or  something  of  the  sort  ? 

Another  question  of  importance  in  considering  the  evolution  of  this 
coelomic  canal  complex  is  the  nature  of  the  relationship  between  the 
activities  of  coelomoducts  and  nephridia  when  both  these  systems  are 
present  in  one  and  the  same  animal.  As  far  as  excretion  is  concerned, 
do  they  combine  together  or  do  they  work  in  opposite  directions,  the 
one  balanced  against  the  other  ?  The  answer  to  this  question  and  the 
determination  of  the  nephridial  or  coelomoduct  origin  of  the  various 
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tissues  may  well  provide  a  key  to  the  understanding  of  the  nature  of 
the  relationships  between  the  various  parts  of  the  system.  If  the  hypo¬ 
physis  is  nephridial  in  origin  and  the  gonads  and  adrenals,  or  certain 
parts  of  them,  are  derived  from  coelomoducts,  a  balance  of  one  system 
against  the  other  would  suggest  itself.  It  may  be  pertinent  to  this 
question  that  pituitary  hormones  are  proteins,  while  the  gonads  and 
adrenals  utilize  steroids. 

The  general  trend  of  this  argument  may  be  summarized  as  follows. 
In  the  urinogenital  system  there  is  evidence  that  the  activity  of  one 
type  of  cell  may  modify  the  activity  of  other  cells  within  the  group; 
there  is  evidence  that  nephridial  tissue  and  coelomoduct  tissue  may  both 
be  involved  in  different  parts  of  the  urinogenital  apparatus  and  asso¬ 
ciated  organs;  each  tissue  will  inherit  pro2:)erties  according  to  its  previous 
history;  there  is  evidence  that  the  pituitary  body,  thymus,  parathyroids, 
and  perhaps  thyioid  may  be  involved  in  this  system  as  derivatives  of 
the  earlier  nephridio-coelomic  canal  system,  and  thus  that  their  actions 
may  be  all  linked  together.  Furthermore,  the  organs  so  far  mentioned 
mainly  involve  the  coelomic  canals  belonging  to  limited  regions  of  the 
body,  and  it  is  important  to  investigate  what  has  happened  to  the 
remainder.  Gaskell  has  even  suggested  that  the  lymphoid  tissue  and 
such  tissues  as  the  carotid  and  coccygeal  bodies  may  be  involved,  but 
the  whole  problem  needs  investigation.  There  is  certainly  something 
attractive  about  including  the  lymphoid  tissue,  in  that  the  thymus,  for 
example,  is  largely  lymphoid,  and  its  activities,  together  with  those  of 
the  rest  of  the  lymphoid  tissue  of  the  body,  are  under  the  influence  of 
corticosterone.  Moreover,  attention  has  already  been  called  to  the  fact 
that  several  of  the  urinogenital  tissues  show  pronounced  properties  of 
athrocytosis,  though  not  to  quite  the  same  extent  as  do  the  histiocytes ; 
and,  finally,  the  formation  of  lymi)hocytes  as  an  abnormal  function  of 
the  kidney  is  a  well-established  phenomenon. 

iii.  Conclusions 

How,  then,  is  this  problem  particularly  concerned  with  cytology  and 
cell  physiology  ?  The  significance  is  this.  Early  in  the  history  of  animals 
a  type  of  cell  has  been  segregated  from  the  surface  epithelium  and  has 
been  concerned  with  excretion,  the  movements  of  ions,  and  the  jDreserva- 
tion  of  the  proper  fluid  balance  of  the  body.  This  is  the  nephridioblast. 
It  acquires  a  certain  form  of  metabolism  which  separates  it  from  its 
neighbours,  even  though,  at  that  stage,  it  may  not  visibly  differ  from 
these.  Henceforth  all  derivatives  of  that  cell  will  ‘inherit’  something 
of  that  metabolism.  Similarly,  the  coelomic  epithelium  is  another  tissue 
segregated  at  an  early  stage  and  possessing  certain  particular  metabolic 
characteristics,  though  its  original  cellular  composition  is  more  complex 
and  two  or  possibly  more  types  of  cell  seem  to  be  included  in  its  make-up. 
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The  actual  shapes  and  morphology  of  the  cells  of  these  tissues  are  often 
of  little  importance  as  compared  with  the  way  in  which  the  cells  behave. 
Comparatively  few  major  advances  have  been  achieved  in  cytology  and 
cell  physiology  by  studies  of  the  static  visible  aspects  of  cells  alone. 
It  is  cell  behaviour  that  is  important.  The  Golgi  apparatus,  the  mito¬ 
chondria,  the  nuclear  pattern,  and  even  the  shape  of  the  cell,  all  alter 
with  the  functional  condition  of  the  cell,  and  it  is  these  changes  which 
constitute  the  outward  aspect  of  cell  behaviour,  but  to  understand  the 
nature  of  that  behaviour  it  is  necessary  to  know  more  about  the  inner 
constitution  of  the  cell.  It  is  necessary  to  know  the  physiological  inter¬ 
relationships  between  the  different  cells  in  the  body  and,  to  investigate 
this,  it  is  essential  to  understand  the  inherited  characters  which  form 
the  common  property  of  each  cell  group  and  the  manner  in  which  each 
group  has  arisen  in  the  evolution  of  the  animal. 

Epitheliocytes  differ  from  mechanocytes,  and  these  again  from  amoe- 
bocytes,  in  certain  definite  and  characteristic  ways,  as  shown  in  Table  I, 
and  there  may  be  two  types  of  epithelial  behaviour.  These  differences 
depend  on  the  essential  nutrients,  metabohc  products,  manner  of  loco¬ 
motion,  relationship  with  neighbouring  cells,  and  many  other  properties, 
and  it  is  likely  that,  once  a  cell  has  been  differentiated  into  one  of  these 
groups,  the  behaviour  of  that  cell  will  thereafter  follow  along  the  line 
characteristic  of  the  group  to  which  it  belongs.  Reversal  may  be  pos¬ 
sible,  but  it  clearly  involves  a  very  radical  change  of  behaviour  and,  in 
most  cases,  embryological  differentiation  is  a  more  or  less  irreversible 
process.  An  epitheliocyte  may  change  the  form  of  its  Golgi  net  or  of 
its  mitochondria  from  moment  to  moment,  but  its  capacity  for  forming 
a  membrane  or  solid  tissue  by  adhering  to  its  neighbours  is  one  that  it 
does  not  easily  alter.  Similarly,  the  steroid  metabohsm  of  the  coelomic 
epithelial  derivatives,  the  ability  of  nephridial  cells  to  deal  with  ionic 
distribution  (and  the  distribution  of  carbonic  anhydrase  among  the 
different  tissues  may  be  of  interest  here),  the  adrenaline-melanin  meta¬ 
bolism  of  the  neural  crest  and  related  cells  are  all  features  of  funda¬ 
mental  importance  and  are  deep-seated  in  the  make-up  of  the  cells  which 
possess  them.  Moreover,  when  these  cells  give  rise  to  new  types,  the 
new  types  so  formed  will  possess  many  of  the  characters  of  their  parents. 
For  example,  in  the  early  blastula  of  the  sponge  {Clathrina  blanca)  there 
is  a  clear  differentiation  into  two  types  of  cell,  both  present  in  the  epi¬ 
thelial  layer.  Something  has  already  happened  to  divide  the  cells  into 
two  types,  and  therefore  there  must  be  in  the  adult  sponge  two  main 
families  of  cells,  those  derived  from  type  A  and  those  derived  from 
type  B  ;  and  every  cell  in  each  of  those  families  will  possess  some  of  the 
characteristics  of  the  original  type  from  which  it  sprang.  Mhen  type  A 
cells  leave  the  surface  they  become  mechanocytes,  and  all  the  deriva¬ 
tives  of  these  cells  will  have  certain  common  properties  which  will  be 
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different  in  many  ways  from  the  properties  of  the  amoebocytes  which 
are  derived  from  type  B  epitheliocytes.  Let  us  suppose  for  the  sake  of 
argument  that  epithehocytes  of  type  A  are  stimulated  by  acetyl  choline 
and  inhibited  by  adrenaline,  while  the  reverse  might  be  true  for  the  cells 
in  type  B ;  then,  in  so  far  as  the  cells  in  the  organism  responded  at  all 
to  these  stimuli,  those  belonging  to  one  family  would  react  in  one  way 
and  those  in  the  other  family  would  respond  in  the  opposite  way.  This 
is  pure  hypothesis,  but  may  serve  to  illustrate  the  nature  of  the  dif¬ 
ferences  which  might  be  expected  between  the  cells  belonging  to  the 
two  groups. 

As  evolution  jDroceeds,  the  picture  becomes  more  and  more  complex. 
Variations  on  the  original  themes  occur  from  time  to  time,  and  in  some 
instances  the  evolution  may  become  convergent,  but  on  the  whole  the 
proper  perspective  in  cellular  physiology  can  only  be  maintained  when 
due  weight  is  given  to  the  data  obtained  by  the  study  of  the  early  history 
of  the  tissues  under  investigation.  By  early  history  is  here  meant  the 
phylogenetic  history  even  more  than  the  ontogenetic,  because  the  latter 
is  often  confused  by  alterations  in  the  time  scale  of  development  by 
which  some  processes  may  be  accelerated  and  others  retarded,  so  that 
it  is  often  difficult  to  decide  which  is  the  primary  event.  When  the 
knowledge  gained  by  these  means  can  be  combined  with  a  more  thorough 
knowledge  of  the  cytochemical  properties  of  cells,  of  specific  cellular 
enzymes  and  metabolites,  then  cytology  and  cell  physiology  will  stand 
on  firmer  ground  than  when  these  subjects  depend  on  morphology  and 
embryology  only. 
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DESCRIPTION  OF  PLATES 

PLATE  1 

Figs.  1-4.  Lipids  in  the  adrenal  cortex. 

Fig.  1.  Adrenal  cortex  of  control  rat ;  zona  glomerulosa  above,  medulla  below. 

Fig.  2.  Adrenal  cortex  of  castrated  rat.  Note  the  high  content  of  lipids,  with 
little  distinction  between  zona  glomerulosa  and  zona  fasciculata. 

Fig.  3.  Adrenal  cortex  of  castrated  rat  injected  with  testosterone  (0  033  mg. 
daily  for  23  days).  Note  normal  zona  glomerulosa  but  impoverished  zona  fasci¬ 
culata. 

Fig.  4.  Adrenal  cortex  of  castrated  rat  injected  with  strong  dose  of  andro- 
sterone  (0-9  mg.  daily  for  47  days).  Note  the  lipoid  droplets  still  present  in  the 
zona  glomerulosa,  but  their  great  reduction  in  the  other  layers. 

(Figures  from  Hall  and  Korenschev8ky*“.) 

Figs.  5-10.  Alkaline  phosphatase  in  urinogenital  derivatives. 

Fig.  5.  Kidney  of  guinea-pig. 

Fig.  6.  Corpus  luteum  of  sow,  showing  two  types  of  cell. 

Fig.  7.  Ovary  of  dog. 

Fig.  8.  Human  adrenal. 

Fig.  9.  Adrenal  of  rabbit. 

Fig.  10.  Adrenal  of  guinea-pig. 

(Figures  supplied  by  Dr.  Gomori.) 

PLATE  2 

Functional  changes  in  the  adrenal  gland. 

Fig.  1.  Section  through  adrenal  of  19-days-old  male;  X-zone  present. 

Fig.  2.  Section  through  adrenal  of  12-weeks-old  male;  X-zone  replaced  by 
fibrous  tissue  towards  medulla,  or  grading  into  the  rest  of  the  cortex. 

Fig.  3.  Section  through  adrenal  of  12-weeks-old  unmated  female ;  X-zone  well 
developed. 

Fig.  4.  Section  through  adrenal  of  13-weeks-old  male,  10  weeks  after  castra¬ 
tion  ;  the  X-zone  is  of  the  female  type. 

(Figures  from  Deanesley**.) 
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Abb6  condenser,  43. 

Abdominal  nerve  chain  of  lobster,  esterase 
activity  of,  365. 

Abdominal  rectus  muscle  sheath,  formation 
of  bone  in,  361. 

Aberrations  in  microscope  lenses,  correc¬ 
tion  of,  41. 

Abraxas,  Golgi  apparatus  in,  379. 

Abraxas,  abortive  acrosome  formation  in 
sperms  of,  following  irradiation,  381. 

Absolute  alcohol,  as  a  fixative  for  micro¬ 
incineration,  289. 

Absorption  spectroscopy  of  cells,  67. 

Acentric  chromosome  fragments,  186. 

Acetic  acid/silver  nitrate,  effect  on  mito¬ 
chondria  of,  241. 

Acetylcholine,  169,  174,  362,  364,  365,  491 ; 
possible  effect  of,  on  melanophores,  452. 

Achromatic  lithium-fiuoride-silica  lens, 
use  of,  in  reflecting  microscope,  63. 

Achromatic  objective  lens,  introduction  of, 
62. 

Achromatic  objectives,  41. 

Achromatic  reflecting  condensers,  57. 

Achromatinic  substance,  380. 

Achromatism,  65. 

Acid  dyes  for  injecting  into  animals,  2. 

Acid  haeraatein  reaction,  479. 

Acid  phosphatase,  362 ;  technic|ue,  30 ; 
criticism  of  technique  for,  31. 

Acidophil  intra-nuclear  inclusions,  400. 

Acrididae,  X-chromosomes  in,  196. 

Acrosome,  formation  of,  by  Golgi  appa¬ 
ratus,  271. 

Actin,  study  of,  by  electron  microscope,  75. 

Action  potential  of  nerve,  muscle,  and 
large  plant  cells,  110. 

Adaptiv'e  enzymes,  327. 

Adenine,  339;  nucleotides,  190. 

Adeno-carcinoma,  27  ;  effect  of  radium  on 
ash  of,  318. 

Adenomatous  goitre.  Golgi  apparatus  in, 
384. 

Adenyl  pyrophosphate,  30. 

Adenylpyrophosphata.se  in  mitochondria, 
27. 

Adrenal  cortex,  241,  454,  481,  486;  com¬ 
parison  of,  with  dev'eloping  gonads,  474 ; 
development  of,  475 ;  mitochondria  in, 
253 ;  role  of  Golgi  apparatus  in  secretion 
of,  273. 

Adrenal  gland,  effect  on,  of  centrifugation, 
266,  267. 

Adrenal  glands,  effect  of  removal  of,  in 
frog,  upon  melanophore  expansion,  451, 
452. 

Adrenal  medulla  cells,  448. 

Adrenalin:  effect  of,  on  expansion  of  pig¬ 
ment  cells  of  eye,  451  ;  relation  of,  to 
melanophores,  452. 


Adrenaline,  491 ;  formation,  448;  melanin 
metabolism  of  the  neural  crest,  490; 
response  of  cells  to,  174. 

Adrenals,  487,  481, 

Adreno-cortico-trophic  hormone,  effect  of, 
on  Golgi  apparatus  of  adrenal  cortex, 
273. 

Aetiology  of  malignant  growths,  401-3. 

Agglutination,  135;  type  of  reaction  in 
fertilization,  176. 

Air,  liquid,  for  freeze-drying,  291. 

Alanine,  239. 

Alanyl-glycine  dipeptidase,  349 ;  in  blasto- 
meres  of  Psammechinus,  350 ;  in  in¬ 
testine,  352 ;  in  mucous  membrane  of 
alimentary  tract  of  pig,  351;  in  radicle 
of  barley  germ,  350. 

Alanyl-glycine  and  leucyl-glycine  dipepti¬ 
dase,  changes  in  ratio  of,  350. 

Alcaptonuria,  326,  327 ;  gene  control  of, 
327, 

Aldehyde  oxidase,  338. 

Aldehydes,  of  fatty  acids,  482. 

Alimentary  tract,  development  of,  in 
vitro,  435. 

Alkaline  pho.sphatase,  424,  425,  480;  dif¬ 
ference  of,  from  other  cell  phosphatases, 
269 ;  demonstration  of,  30 ;  function  of 
in  Golgi  apparatus,  269-70;  and  the 
Golgi  apparatus,  268-70;  in  hyper¬ 
trophic  cartilage,  423 ;  in  mitochondria 
of  kidney  tubule  cells,  243 ;  reaction 
catalysed  by,  30. 

Allantoin,  excretion  of,  by  dogs,  327. 

Allgemeine  Anatomie  (1841),  13, 

Allyl  isothyocyanate,  effect  of,  on  chromo¬ 
somes,  220. 

Aloe,  chromomeres  in,  187, 

Altmann  method,  for  freeze-drying,  290. 

Altmann’s  fluid,  effect  of,  on  tissues,  4. 

Altmann’s  granules,  232. 

Alveolar  phagocytes,  275. 

Alzheimer’s  disease,  312. 

Amanita  phaUoides,  poison  of,  326. 

Amblystoma,  liver  mitochondria  in  cells 
of,  240. 

Ameiurus,  eyes  of,  451. 

Ameloblasts,  ash  of,  307 ;  differentiation 
of,  in  vitro,  429. 

Ameloblastoma,  ash  of,  316. 

Amine-oxidase,  332. 

Amines,  long  chain,  haemolysis  by,  135. 

Amino-acid  decarboxylases,  of  bacteria, 328. 

d-amino-acid  oxidase,  338. 

Aminopolypeptidase,  352. 

Ammocoete  larva,  454,  465;  of  lamprey, 
445  ;  of  Petromyzon,  446. 

Ammonium  sulphide,  367. 

Amniotic  fluid,  iodized,  for  maceration  of 
tissues,  3. 
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Arnoeba,  95;  digestion  of  food  by,  245; 
effect  on,  of  enucleation  and  transplanta¬ 
tion  of  nuclei,  100;  effect  of  pressure  on 
plasma  gel  of,  101 ;  increase  in  endo¬ 
plasmic  viscosity  in,  178. 

Amoeba  dubia,  161 ;  tension  at  surface  of, 
160. 

Amoeba  proteus,  160;  amylase  in,  345. 

Amoebae,  precipitation  of  protein  from 
dead,  377. 

Amoebocytes,  459,  460,  461,  462,  463,  464, 
469,  490,  491. 

Amoeboid  pigment  cells,  of  iris,  450. 

Amorph,  183. 

Amphiaster  formation,  179. 

Amphibia,  fat  body  in,  478. 

Amphibian:  nephron,  471 ;  oocytes,  188. 

Amphioxus,  454,  456,  464,  468,  484,  485, 
486. 

Amphiuma,  186. 

Amyl  alcohol-sodium  oleate,  142. 

Amylase,  344-5 ;  in  barley  grain,  344 ;  in 
mucous  membrane  of  gut,  344-5 ; 
presence  of,  in  mitochondria  of  amoeba, 
345. 

Anaerobic  respiration,  role  of  mito¬ 
chondria  in,  239. 

Analyzer,  58,  59,  60,  62. 

Androgenic  sterols  in  interstitial  cells  of 
testis,  480. 

Androgenic  zone  of  adrenal  cortex,  482. 

Androsterone,  478. 

Aneurin  in  mitochondria,  24 1 . 

Anguilla  vulgaris,  eosinophil  cells  in  gills 
of,  343. 

Angulare,  differentiation  of.  in  vitro,  427. 

Aniline  blue,  staining  of  Golgi  material 
with,  261. 

Aniline,  production  of  malignant  growths 
by,  405. 

Anisotropic  disks,  a.sh  of,  304. 

Anisotropic  substances,  57. 

Annelid  worms,  454 ;  cholinergic  fibres  in, 
362. 

Annelids,  diagram  of  nephridia  and 
coelomoducts  in,  455. 

Anomalous  osmosis,  164. 

Anorthospiral  coiling,  201. 

Anterior  mesenteric  ganglion  of  rabbit, 
Golgi  apparatus  of  cells  of,  258. 

Anterior  pituitary,  487. 

Anthracosis,  311-12. 

Anthranilic  acid,  183;  as  a  precursor  of 
tryptophan,  323. 

Antibodies,  effects  of,  on  lysis  of  cell 
membranes,  156,  157. 

Anticholinesterase,  366. 

Antimony  tri-chloride,  240,  244. 

Anuran  larvae,  308. 

Aorta,  472;  increase  of  ash  of,  after  ad¬ 
ministration  of  ergosterol,  310. 

Aplysia,  vitamin  C  in  egg  of,  262. 

Apochromatic  lenses,  62. 

Apochromatic  objectives,  42. 

Apoenzyme,  332. 

Apolar  cells  in  vitro,  438. 
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Arachnids  as  carriers  of  Rickettsiae,  389. 

Arbacia  egg,  84,  95. 

Arbacia  eggs,  cytolysis  in,  177;  dipeptidase 
in,  350 ;  effect  of  application  of  oil  to 
naked  membrane  of,  161 ;  effects  on,  of 
centrifugation,  97  ;  effect  of  pressure  on 
viscosity  of,  1 02 ;  enucleated  halves  of, 
178;  increase  of  permeability  of  follow¬ 
ing  activation  by  sperm  or  partheno- 
genetic  agents,  170,  171;  internal  pres¬ 
sure  of,  159;  prevention  of  cleavage 
furrow  in,  by  increased  pressure,  101 ; 
protein  solubility  changes  following  fer¬ 
tilization,  173;  relative  impermeability 
of,  to  crystalline  anions,  104;  tension  at 
surface  of,  151  ;  segmenting  tension  at 
surface  of  blastomeres  of,  159;  thick¬ 
ness  of  wall,  154. 

Arbacia,  fertilization  in,  176. 

Arbacia  punctulata  eggs,  heat  production 
of,  107 ;  tension  at  egg-surface  of,  160. 

Archaeocytes,  463. 

Archenteron,  468. 

Archinephric  duct,  458,  466,  468,  470,  471, 
484. 

Archiiiephros,  466. 

Area  opaca  in  vitro,  432. 

Argentophile  cortex  of  Golgi  material,  253. 

Arginase,  357. 

Arginine,  191,  262,  322. 

Arteriosclerosis,  ash  of  blood  vessels  in, 
308-10. 

.\rteriosclerotic  v'essels,  changes  in  ash  of, 
310. 

Ascaris:  absorption  of  vitamin  C  by 
intestine  of,  265  ;  centromeres  in  cells  of^, 
187  ;  eggs:  effects  on,  of  centrifugation, 
96,  97,  pressure  required  to  prevent 
cleavage  in,  102;  mitochondria  in 
fertilization  of,  234;  sperm  protein, 
purine  as  integral  part  of,  85. 

Ascaris  megalocepliala:  modification  of 
telomere  concept  in  case  of,  188;  pos¬ 
session  of  centromeres  by  chromosomes 
of,  186. 

Ascending  range  method  of  culture,  428. 

Ascidian,  485. 

Ascorbic  acid,  336;  oxidase,  340. 

Ash  of  incinerated  sections,  spectrographic 
analysis  of,  298. 

Ash  residues,  of  incinerated  sections, 
examination  of,  by  direct  and  dark- 
field  illumination,  294. 

Aspartic  acid,  239. 

Astaxanthine,  453. 

Asterias  egg,  development  of  fragment  of, 
98. 

Asterias  eggs:  change  in  permeability  of, 
after  fertilization,  171;  thickness  of 
wall,  154. 

Asterias  oocyte,  95. 

Asters:  birefringence  of,  86;  nature  of, 
178;  physical  nature  of,  99. 

Athrocytosis,  481,  489. 

Atropine,  rapid  hydrolysis  of,  by  blood  of 
some  rabbits,  325. 


502  INDEX  OF 

Auditory  labyrinth,  development  of  in 
vitro,  437. 

Auto-catalytic  nature  of  viruses,  392. 
Autografts,  of  pigmented  skin,  329. 
Autonomic  nerve  plexus,  formation  of,  in 
vitro,  438, 

Autosomal  heterochromatic  regions  of 
chromosomes  sets,  196, 

Avian  epiphyses,  425. 

Axial  mesoderm  of  limb-buds,  422. 

Axis  cylinder,  ash  of,  304. 

Axon  hillock,  ash  of,  304. 

Axoplasm :  of  giant  axon  of  squid,  esterase 
content  of,  366 ;  of  nerves,  banded 
structure  of,  89. 

Azan,  422. 

B -chromosomes,  199. 

Bacillus  {Escherichia)  coli,  size  of,  85, 
Bacillus  lactis  aerogenes,  81. 

Bacillus  megatherium,  81. 

Bacillus  prodigiosum,  391. 

Bacillus  subtilis,  position  of  cytochrome 
absorption  bands  in,  335. 

Bacteria:  action  of,  on  cells,  384-9;  heredity 
in,  dependent  upon  genes,  226. 

Bacterial  cell,  spatial  segregation  of 
enzymes  in,  333, 

Bacteriophage,  structure  of,  revealed  by 
electron  microscope,  88, 

Bacteriophages,  relation  of,  to  genes,  226. 
Bar  gene  in  Drosophila,  213. 

Bariinn  hexose  monophosphate,  358. 

Basal  granules  of  ciliates,  ash  of,  303. 

Basal  reservoir  of  salivary  glands  of 
Dasyneura,  215. 

Basic  dyes  for  staining  living  cells,  2. 
Basichromatin,  398,  399,  400. 

Basophilic  halo  of  nucleus,  192. 

Bee  wing  muscles,  position  of  cyto¬ 
chrome  absorption  bands  in,  335. 
Beggiatoa,  molecular  sieve  hypothesis  of 
membrane,  153. 

Beggiatoa  mirabilis:  cell  membrane  of,  as 
a  molecular  sieve,  163;  membrane  of,  151, 
Bentonite  gels,  172. 

Benzoylcholine,  hydrolysis  of,  by  a  v’ariety 
of  cholinesterase,  363. 

Benzpyrene,  221, 

Beri-beri,  279. 

Berkefeld-filtration  of  tumours,  402. 
Bernthsen’s  violet,  8. 

Bibio,  salivary  gland  chromosomes  in,  212. 
Bile  acid  salts,  non-haemolytic  effect  of, 
135. 

Biological  systems,  models  of,  112, 

Biotin,  requirement  oi Escherichia  for,  324. 
Bipolar  cells,  formation  of,  in  vitro,  438. 
Bird,  nephron  of,  471, 

Birefringence:  in  biological  objects,  61; 
changes  in  fertilization,  177  ;  of  chromo¬ 
somes,  asters,  and  spindles,  61 ;  produc¬ 
tion  of,  in  frog  eggs  by  centrifugation,  6 1  ; 
studies,  on  muscle,  173. 

Bismutose,  adsorption  of,  by  Golgi  systems, 
271. 
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Bjerknes  effect,  223. 

Black  Leghorn  chick  embryos,  433. 
Bladder  (urinary)  epithelium,  formation  of 
bone  by,  361. 

Blastocoel,  460,  463. 

Blastomeres,  178,  461,  462,  465,  476, 
478. 

Blastula  of  sponge,  490. 

Blood-cells  in  vitro,  432, 

Blood  corpuscles  of  embryonic  fish  brains, 
ash  of,  287. 

Blood,  micro-incineration  of,  300. 

Blood  plasma,  phosphatase  in,  360. 
Blood-vessels,  normal  and  abnormal,  dis¬ 
tribution  of  ash  in,  311. 

Blue  gallophenine,  348. 

Bobbed  gene,  198. 

Bollinger  bodies,  393,  396. 

Bollinger  body,  394. 

Bond-specific  phosphatases,  32. 

Bone,  sol  gel  transformations  in  ecto¬ 
plasmic  layer  in  production  of,  168. 
Bone-marrow,  in  vitro,  haemopoiesis  in, 
433. 

Bone-phosphatase,  358-62. 

Borna  disease  of  horses,  393. 

Borrel  bodies,  of  fowl  pox,  313. 

Bowman’s  capsule,  471,  476;  diagram  of 
development  of,  472. 

Bragg  diagrams,  127. 

Bragg  spacings,  142,  143,  145. 

Brain:  ash  of  tumours  of,  316;  of  chicken, 
esterase  activity  of,  366;  mammalian, 
esterase  content  of,  365,  various  parts 
of,  365. 

Brain  cells,  survival  time  of,  in  dead 
bodies,  376. 

Brain  sections,  incineration  of,  292. 
Brain-tissue,  oedematous,  ash  of,  312. 
Breast  cancer  in  mice,  production  of,  by 
virus-like  agent,  404. 

Brilliant  alizarin  blue,  348. 

Brilliant  cresyl  blue,  vital  staining  of 
mitochondria  by,  238. 

Brombenzene,  166. 

Brownian  motion,  in  estimating  proto¬ 
plasmic  viscosity,  95. 

Brucella  melitensis,  effect  of,  on  mito- 
chondi’ia  of  choroid-plexus  cells,  385. 
Brumier’s  glands,  353,  446. 

Brunner’s  glands,  alanyl-glycine  dipepti¬ 
dase  in,  352;  dipeptidases  in,  351 ;  pro¬ 
teinase  (pepsin  ?)  in,  347. 

Brush  border:  of  epithelial  cells,  phos¬ 
phatase  in,  360;  of  intestinal  epithelial 
cells,  301. 

Busicon  caniculatum,  egg  tension  at  surface 
of,  160. 

Cadmium  lactate,  reaction  of,  with  cellular 
glutathione,  241. 

Caesium  ions,  163. 

Cain’s  method,  for  staining  mitochondria, 

11. 

Calcareous  sponge,  histologv  of  body  wall 
of,  462. 
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Calcification:  experimental  use  of  micro - 
incineration  in  studying,  310;  two  pro¬ 
cesses  in,  361. 

Calciiun:  amount  of,  in  a  single  cell,  294; 
distribution  of,  in  ash  of  mouse  mam¬ 
mary  gland,  306 ;  image  of,  on  electron 
microscope  screen,  297 ;  ionic  increase 
of,  in  muscle-fibre  after  stimulation,  171. 

Calcivun  ash,  optical  appearance  of,  215. 

Calcivun  carbonate  apatite,  361. 

Calcium  hexose,  monophosphate,  361. 

Camptomya  sp.,  231. 

Camptomyia,  salivary  gland  nuclei  of,  215. 

Canada  balsam,  fluorescence  of,  in  ultra¬ 
violet  light,  56. 

Canalicular  system  in  malignant  cells,  409. 

Capacity  (impedance)  study  of  cells,  107. 

Capillary  vessels,  phosphatase  in,  360. 

Carbohydrate-splitting  enzymes,  344-5. 

Carbonic  anhydrase,  342-3,  348,  490. 

Carboxyl  groups,  171. 

Carboxypolypeptidase,  352. 

Carboxypolypeptidase,  in  pancreas,  354— 
77. 

Carchesium  polypinum,  ash  of,  301. 

Carcinogenesis  and  cellular  dedifferentia¬ 
tion,  407. 

Carcinogenic  compounds,  fluorescence  of, 
57. 

Carcinogenic  hydrocarbons,  401. 

Carcinogenic  substances,  mutagenic  acti¬ 
vity  of,  220. 

Carcinoma  of  breast,  ash  of  giant  cells  in, 
303. 

Carcinoma-producing  epitheliocytes,  460. 

Carcinomata,  401. 

Cardiac  musculature,  increase  of  ash  of, 
after  administration  of  ergosterol,  310. 

Cardiac  region  of  stomach,  pepsin  units  in, 
347. 

Carotene,  165;  in  mitochondria,  240; 
penetration  of  plasma  membrane  by, 
166. 

Carotenoid  pigments,  cells  containing, 
452-3. 

Carotenoids,  presence  of,  in  Golgi  material 
of  molluscs,  261. 

Carotid  bodies,  489. 

Carotid  body,  487. 

Carotin,  481. 

Carr-Price  blue  reaction  in  mitochondria, 
240. 

Cartesian  Diver,  use  of,  for  micro-meta¬ 
bolism  experiments,  100. 

Cartilage  cells,  phosphatase  in  hyper¬ 
trophied,  359. 

Cartilage,  sol  gel  transformations  in 
ectoplasmic  layer  in  production  of,  168. 

Castration,  effect  of:  on  adrenal  cortex, 
482;  on  adrenal  lipoids,  478. 

Catalase,  339,  340. 

Caudate  nucleus:  ability  of  cells  of,  to 
hydrolyse  triacetin,  363;  esterase  ac¬ 
tivity  of,  365. 

Cavia,  abortive  acrosome  formation  in 
sperms  of,  following  irradiation,  381. 
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Cebus  fatuellus,  400 

Cebus  hypoleucus,  398. 

Cedar- wood  oil,  fluorescence  of,  in  ultra¬ 
violet  light,  56. 

Cell  division,  175-80;  occurrence  of,  in 
absence  of  nuclei,  97  ;  sol  ^  gel  trans¬ 
formations  of  ectoplasm  in,  168. 

Cell  membrane,  elastic  properties  of,  157 ; 
lysis  of,  156;  a  mosaic  of  areas  of  dif¬ 
ferent  properties,  153 ;  ionic  character 
of,  154,  155,  156;  surface-tension  of, 
157,  158;  toughness  of,  98. 

Cell  surface,  evidence  for  composition  of, 
136. 

Cell  types,  occurrence  of  pairs  of,  in  surface 
membranes  of  body,  464. 

Cells,  fractionation  of,  byphy.sical  methods, 

20. 

Cellular  hyperactivity,  380-4. 

Centrifugal  force  in  investigation  of  cells, 
95. 

Centrifugal  fractionation  methods,  basic 
principles  of,  24 ;  criticisms  of,  24. 

Centrifugation,  effect  of,  on  virus  bodies, 
399. 

Centrifuged  adrenal  cells,  movement  of 
displaced  Golgi  material  in,  254. 

Centromere,  185,  186,  187,  188,  202,  205. 

Cephalin :  in  mitochondria,  242 ;  presence 
of,  in  Golgi  material,  261. 

Cephalin  monolayers,  penetration  of,  133, 
134. 

Cereals,  germination  of,  role  of  mito¬ 
chondria  in,  246. 

Cerebellum,  esterase  activity  of,  365. 

Cerebral  cortex,  human,  ash  of,  308. 

Cerebral  ganglia,  of  Megascolex,  458. 

Cerebral  lesions,  ash  of,  312. 

Chaetopterus,  dipeptidase  in,  350. 

Chaetopterus,  permeability  of  eggs  of,  fol¬ 
lowing  fertihzation,  171. 

Chemical  link-ups,  between  successive 
nucleotides,  190. 

Chiasma  formation,  224. 

Chiasmata,  202 ;  of  chromosomes,  223. 

Chick  embryo,  changes  in  ash  of  organs 
during  development,  308. 

Chick  embryos,  stained  to  demonstrate 
vitamin  C,  244. 

Chick  eye,  dopa  reaction  in  embryonic, 
341. 

Chick  mandible,  exploitation  of,  427. 

Chicken-pox,  400. 

Chironomus,  81  ;  micro -dissection  of  chro¬ 
mosomes  of,  213. 

Chironomus  sp.,  231. 

Chlorinated  hydrocarbons,  swelling  effect 
of,  on  micelles,  141. 

Choanocytes,  402. 

Cholesterol :  ab.sence  of,  from  Golgi  material , 
261 ;  apparent  absence  of,  in  tissue  cul¬ 
ture  cell  mitochondria,  244 ;  penetration 
of  plasma  membrane  by,  1 66 ;  tests  for. 
479. 

Cholesterol  molecule,  size  of,  85. 

Cholinergic  nerves,  362. 


604  INDEX  OF 

Cholinesterase,  362;  basis  of  demonstra¬ 
tion  of,  30. 

Cholinesterases,  362,  367  ;  of  red  cells,  363  ; 
of  human  serum,  363. 

Chondriome,  250. 

Chondriome  actif,  250,  378. 

Chondriospheres,  233. 

Chondrogenic  mesoderm,  differentiation 
of  hyaline  cartilage  in  cultures  of,  422. 

Choroid  cells,  449. 

Choroid :  pigment  cells  of,  450 ;  pigmented 
cells  of,  448. 

Chromaffin  tissue,  448. 

Chromatic  aberration,  41,  62;  absence  of, 
in  reflecting  microscope,  85. 

Chromatic  error  of  magnification  of  re¬ 
flecting  microscope,  64. 

Chromatid  breaks,  219. 

Chromatids,  186,  203. 

Chromatin  staining,  Hermann’s  method, 
9. 

Chromatin  threads,  isolation  of,  from 
homogenates  of  lymphoid  tumours,  28. 

Chromatoid  granules,  397. 

Chromatolytic  cycle,  increase  of  phos¬ 
phatase  in,  362. 

Chromatophores,  contraction  of,  effects  of 
pressure  on,  101. 

Chromel-alumel  thermocouple  for  micro- 
incineration,  293. 

Chromic  acid,  245. 

Chromium  for  shadow  casting,  76. 

Chromocentre,  197. 

Chromolysis  by  enzymes,  17. 

Chromomeres  in  Drosophila  chromosomes, 
214. 

Chromonemata,  189,  202,  207. 

Chromonematal  reproduction,  three  forms 
of,  217. 

Chromophobe  cells,  Golgi  apparatus  in, 
273. 

Chromosome :  breakage  as  a  result  of 
stretching  on  the  spindle,  218;  elimina¬ 
tion  of,  207. 

Chromosome  breaks,  218;  after  X-rays, 
204. 

Chromosome  ‘ends’,  218. 

Chromosome-parts,  structural  rearrange¬ 
ments  of,  217-21. 

Chromosome  stains,  8-9. 

Chromosomes,  185;  birefringence  in,  86; 
chemical  composition  of,  189-95;  dis¬ 
tribution  of,  inside  nuclear  membrane, 
189;  evidence  for  composition  of,  190; 
identification  of,  in  tissue  homogenates, 
29;  homologous,  of  Diptera,  189;  mega¬ 
meric,  197;  position  of,  at  metaphase, 
189;  reproduction,  203-8;  of  salivary 
gland  cells,  211-17;  somatic  pairing  of, 
189;  spiral  structure  of,  200;  spontaneous 
breakage  of,  218;  supernumerary,  199. 

Chromosomin,  191,  192. 

Ciaccio  cells  of  pineal,  ash  of,  301. 

Ciaccio’s  methods,  for  lipids,  479. 

Cilia:  birefringence  of,  87;  of  ciliates,  ash 
of,  303;  as  ectoplasmic  processes,  169. 
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Ciliary  body,  pigmented,  development  of 
in  vitro,  436. 

Ciliary  process,  pigmented  epithelium  of, 
448. 

Ciliates,  macronucleus  of,  210. 

dona,  485. 

Citrulline,  183. 

Clarite,  as  a  mounting  medium,  10. 

Clasmatocytes,  in  culture,  ash  of,  304. 

Clathrina  blanca,  460,  461,  462,  463,  490. 

Cleavage,  finrow,  180. 

Cloaca,  466. 

Clostridium  welchii:  lecithinase  of,  333; 
a  toxin  of,  330. 

Clothes  moth  digestion  of  keratin  by,  348. 

Coacervates,  comparison  of,  with  Golgi 
apparatus,  255. 

Cobalt  oxidase  system,  in  mitochondria, 
239. 

Cobalt  salts,  oxidation  of,  by  mito¬ 
chondria,  245. 

Cobalt  sulphide,  367. 

Cobaltous  acetate,  367. 

Cobra  venom,  367. 

Co-carboxylase,  339. 

Coccygeal  bodies,  489. 

Coelom,  469. 

Coelomesoderm,  468. 

Coelomic  canals,  487 ;  phylogeny  of,  483. 

Coelomic  cavities,  of  worms,  473. 

Coelomic  cavity,  454,  468,  472. 

Coelomic  cells,  478. 

Coelomic  epithelium,  457,  475,  477,  489. 

Coelomic  fluid,  of  earthworms,  478. 

Coelomic  funnel,  476,  481. 

Coelomic  outgrowths,  473. 

Coelomic  structures  in  region  of  pronephros 
of  fish,  diagram  of,  468. 

Coelomic  wall,  469. 

Coelomoduct  derivatives,  483. 

Coelomoduct  tubes,  474. 

Coelomoducts,  454,  456,  457,  458,  464,  465, 
466,  470,  474,  476,  481,  483,  486,  487, 
489. 

Coelomoducts  of  vertebrates,  diagrams  of, 
472. 

Coelomomesoblast,  464,  465. 

Caelomomesodermal  tissoe,  454. 

Coelomostome,  457,  466,  471,  475,  480. 

Coelomostomes,  465,  470,  471,  474,  477, 
481,  484. 

Co-enzyme,  332. 

Coenzyme  I,  in  mitochondria,  239. 

Collagen  fibres,  banded  structure  of,  89. 

Compensator,  59. 

Compensators,  interchangeable,  60. 

Condensation,  and  chromosome  reproduc¬ 
tion,  209,  210. 

Condenser,  achromatic,  aplanatic,  43 ; 
aspherical,  aplanatic,  43 ;  use  of,  43. 

Condylostoma,  macronuclei  of,  184. 

Connective  tissue  fibres,  histogenesis  of, 
421  ;  sol  gel  transformations  in  ecto¬ 
plasmic  layer  in  production  of,  168. 

Connective  tissue  pigment  cells,  in  vitro, 
433. 
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Constitutive  enzymes,  327. 

Contractile  vacuole,  relationship  of,  to 
Golgi  material,  251. 

Contractile  vacuoles,  as  ectoplasmic  struc¬ 
tures,  169. 

Contracture  waves,  of  smooth  muscle,  con¬ 
centration  of  ash  in,  304. 

Contrast,  in  microscopy,  39. 

Controlled  growth,  in  culture,  419. 

Convoluted  tubules  of  cat  and  dog  kidney, 
storage  of  lipid  by,  480. 

Copper:  as  an  enzyme  constituent,  340; 
adsorption  of,  by  Golgi  systems,  271. 

Coronary  sclerosis,  ash  of,  310. 

Coronary  vessels,  increase  of  ash  of,  after 
administration  of  ergosterol,  310. 

Corpora  quadrigemina,  esterase  activity 
of,  365. 

Corpus  luteum,  241 ;  phosphatase  reaction 
in  some  cells  of,  480. 

Corpus  luteum  cells,  481 . 

Cortex  of  brain,  esterase  activity  of,  365. 

Corticosterone,  478. 

Corticotropic  hormone,  effect  of,  on  adrenal 
lipoids,  479. 

Cortisone,  478. 

Corti’s  organ,  development  of,  in  vitro,  437. 

Cosmic  radiation,  effect  of,  on  mutation, 

221. 

Costal  cartilage,  359. 

Cowdry’s  type  A  inclusions,  402. 

Coxal  glands,  487. 

Craniata,  diagrams  of  urogenital  system  in, 
466. 

Cresyl  blue,  375. 

Crinome,  of  Chlopin,  270. 

Crocker  sarcoma,  410. 

Cross-fertilization,  177. 

Cross  striation,  in  cultured  muscle,  430. 

Crossing  over,  221,  222-5. 

Crustaceans,  cholinergic  fibres  in,  362. 

Crypts  of  Lieberkiihn,  amylase  in,  344. 

Crystalline  birefringence,  61. 

Cupric  acetate,  346. 

Curare,  430. 

Cyanide,  167 ;  effect  of,  on  cytochrome, 
336. 

Cycloparaffins,  as  mounting  media,  10. 

Cyclostome,  466;  nephron  of,  471. 

Cysteine,  requirement  of  Escherichia  for, 
324. 

Cystic  mastitis,  ash  of,  317. 

Cysticercus  larvae,  production  of  malignant 
growths  by,  405. 

Cytochrome  C,  341. 

Cytochrome  oxidase,  245,  332,  334,  336, 
340;  activity  in  mitochondria,  27;  in 
mitochondria,  238. 

Cytochrome  reductase,  in  mitochondria, 
239. 

Cytochrome  spectrum,  335. 

Cytochrome  system,  94;  oxidation  of 
polyphenols  by,  341. 

Cytochromes  a,  h,  and  c,  336 ;  of  mamma¬ 
lian  kidney,  337. 

Cytogene  theory ,  of  enzyme  formation,  328. 


Cytology  of  cancer,  401—13. 

Cytolytic  agents  in  fertilization,  178. 

Cytolysis,  135. 

Cytoplasm,  pH  of,  98. 

Cytoplasmic  granules,  localization  of 
lipase  activity  in,  346. 

Cytoplasmic  inclusions,  fowl  pox,  393-6. 

Cytoplasmic  inheritance,  in  Paramecium 
aurelia,  91. 

Cytoplasmic  organelles,  as  seen  by  phase 
contrast,  51. 

Cytoplasmic  skeleton,  172. 

Cytosine  nucleotides,  190. 

Cytoskeleton,  61. 

Dalmatian  coach-hound,  excretion  of 
uric  acid  by,  327. 

Daphnia  pulex,  eggs  of,  160. 

Dark-ground  illumination,  57. 

Dasyneura  affinis,  nuclei  of  salivary 
gland  cells  of,  215. 

Degenerating  cells,  Golgi  apparatus  in, 
378-9;  ground  cytoplasm  in,  375-6; 
mitochondria  in,  374;  sphere  in,  377-8. 

Degeneration  granules,  375,  376. 

Dehiscence  in  production  of  mesoderm, 464. 

Dehydration  of  frozen  tissues,  22. 

Dehydrogenases,  334,  338. 

Delamination  in  production  of  mesoderm, 
464. 

Dementia  paralytica:  ash  of  lesions  of, 
312;  increase  of  ash  in  brain  in,  312. 

Dend raster,  dipeptidase  in,  351. 

Dendraster  excentricus,  349. 

Dendrites,  ash  of,  304. 

Dendritic  cells :  neural  crest  origin  of,  448 ; 
of  skin,  449;  reaction  of  to  Dopa,  341. 

Dentine  papilla,  429. 

Dermacentroxenus  rickettsi,  389,  390,  400. 

Desmo -enzyme,  331. 

Desoxycorticosterone,  478,  486. 

Desoxycorticosterone,  effect  of,  on  lipids 
of  zona  glomerulosa,  478. 

Desoxypentose  nucleic  acid,  30,  357 ;  inter¬ 
change  of  phosphorus  of,  94. 

Desoxypentose-nucleohistone,  isolation  of, 
from  chromatin  threads,  29. 

Desoxyribonuclease,  pancreatic,  33. 

Desoxyribonucleotide,  type-transforming 
principle  of  pneumococci  as  a,  330. 

Desoxyribose  nucleic  acid,  183,  189,  192, 
193,  401  ;  molecular  weight  of,  190. 

Desoxyribose  in  nucleotides,  190. 

Desoxyribose  nucleotides  in  tumour  cells, 
412. 

Development,  changes  of  esterase  content 
in  nervous  tissue  during,  366. 

Diaphorase,  338,  339. 

Diaphysis:  ossifying,  359;  phosphatase  in, 
361. 

Diastase :  in  frog  liver,  332 ;  secretion  of,  by 
mitochondria,  246. 
1,2,5,6-di-benzanthracene,  220. 

Dibenzanthracene,  405 ;  effect  of,  on  vita¬ 
min  A  content  of  liver  mitochondria. 
240. 
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Dicentric  chromatids,  218. 

Dicentric  chromosomes,  186. 

^jS'-dichloroethyl  sulphide,  220. 

Dictyosomes,  250,  259. 
Diethylsafraninazodimethylanalin,  237. 

Differential  reactivity,  of  clu'omosomes, 
208. 

Diffuse  centromere  activity,  187. 

Digitonin,  effect  of,  on  lysis  of  cell  mem¬ 
branes,  156,  157. 

Digitonine  test,  479. 

Dihydropyridine  (dihydro-coenzyme),  339. 

Dihydro-i-pyridine,  339. 

Dihydroxyphenylalanine,  341. 

3 : 4  dihydroxyphenylalanine,  oxidation 
of  tyrosin  to,  348. 

3 : 4-dihydroxyphenylethylmethylanino, 
341. 

Diisopropylfluoronophosphosphonate,  366. 

Dimethyl  -  paraphenylenediamine  +  a 
naphthol  (Nadi  reagent),  336. 

m-dinitrobenzol,  245. 

Di-oestrus,  effect  of,  on  ash  of  mouse 
mammary  gland,  305. 

Dipeptidase,  357 ;  in  Paneth  cells,  354. 

Dipeptidases:  in  ova  of  marine  inv'erte- 
brates,  349 ;  in  radicle  of  barley  germ, 
350. 

Diphosphothiamine,  339. 

Diphtheria  toxin,  effect  of,  on  mitochon¬ 
dria,  of  kidney  tubule  cells,  384-5. 

Diplochromosome  formations,  211. 

Diplotene  phase,  435. 

Diplotene  stage  of  meiotic  prophase  in 
cultures  of  testis,  436. 

Diptera,  somatic  pairing  of  chromosomes, 
189,  209. 

Dipterous  larvae,  salivary  glands  of,  184, 
185. 

Discoglossus,  idiozomic  complex  in,  261. 

Distal  tubule  of  nephron,  470. 

Distrene  80,  as  a  mounting  medium,  10. 

Dopa  oxidase,  340 ;  reaction,  329. 

Doublet  lens,  293. 

d-ribose  in  nucleotides,  190. 

d-ribose  nucleic  acid,  183. 

Drosophila,  185,  221,  223,  326;  hetero- 
chromatic  regions  of  chromosomes  of, 
197;  heterochromatic  in,  216;  localiza¬ 
tion  of  genes  in  bands  of  salivary 
chromosomes  of,  213;  meiotic  bivalents 
in,  209;  number  of  genes  in,  225,  226; 
position  effects  in,  222 ;  ring-X  chromo¬ 
some  in,  224;  salivary  gland  chromo¬ 
somes,  phosphates  in,  360 ;  salivary 
gland  nuclei,  218;  sex-linked  lethal 
genes  in,  220 ;  vermilion  race  of,  325 ; 
XX  larvae  of,  199;  XXY  females  of, 
199;  Y-chromosome  in,  199. 

Drosoph  ila  melanogaster,  1 97,  214;  chromo¬ 
some  breaks  in,  due  to  irradiation,  219; 
lack  of  eye  pigment  in  certain  cases  of, 
32.5  ;  ring  chromosomes  of,  206 ;  salivary 
gland  X -cliromosome  of,  225;  second 
chromosome  of,  188;  Y-chromosome  in, 
198. 


Drosophila  pseudoobscura,  sex-ratio  males 
of,  205. 

Drosophila  virilis,  nuclei  of  oesophageal 
epithelium  of,  212. 

Duct  carcinoma,  of  breast,  319. 

Duodenal  cells,  alternative  phosphatase  in 
Golgi  region  of,  269. 

Duodenal  mucosa,  lipase  in,  346. 

Duodenum,  pepsin  units  in,  347. 

Dust  cells,  of  sputum,  increase  of  minerals 
in,  311,  312. 

Dye-stuffs,  production  of  malignant 
growths  by,  406. 

Dytiscus  wing  muscles,  position  of  cyto¬ 
chrome  absorption  bands  in,  335. 

Ear,  development  of,  in  vitro,  437. 

Eberthella  typhosa,  requirement  of,  for 
tryptophan,  324. 

Echinarachnius :  dipeptidase  in  eggs  of, 
350;  eggs,  cytolysis  in,  177. 

Echinids,  mitochondria  in  early  develop¬ 
ment  of,  234. 

Echinus,  oocyte,  95. 

Ectoderm,  459. 

Ectomesoblast,  464,  467,  468. 

Ectopic  bones,  426. 

Ectoplasm,  98,  150;  of  Amoebae,  effect  on 
of  K,  Mg,  and  Ca  ions,  168;  semi-per- 
manently  gelled  portion  of,  96 ;  sol  gel 
transformations  in,  168. 

Ectoplasmic  layer,  179;  of  cell  membrane, 
167,  168,  169;  liquefying  effect  of 

hydrostatic  pressure  on,  168. 

Edessa  irrorata,  197. 

Edestin,  347. 

Effect  of  fixation  on  cells,  study  of,  by 
phase-contrast,  52. 

Efficiency  spectrum,  334. 

Egg  cells,  cytoplasmic  nucleotides  in,  192. 

Egg-shell,  formation  of,  306-7. 

Egg  yolk,  role  of  mitochondria  in  produc¬ 
tion  of,  234. 

Eggs,  centrifugation  of,  into  halves,  97. 

Ehrlich  mouse  sacroma,  407. 

Elasmobranch,  485;  nephron  of,  471. 

Elasmobranch  fishes,  myo-epithelial  cells 
in  eyes  of,  451. 

Elastic  fibres,  formation  of,  in  vitro,  422. 

Elastic  laminae,  of  old  arteries,  localiza¬ 
tion  of  calcium  in,  309. 

Elastic  tissue,  of  arteries,  changes  in 
during  arteriosclerosis,  309. 

Electric  currents,  effect  of,  on  proto¬ 
plasmic  viscosity,  175. 

Electric  eel,  esterase  activity  of  electric 
organ  of,  365. 

Electric  organ,  367. 

Electric  quartz  furnace:  for  incinerating 
tissues,  287  for  micro-incineration,  292. 

Electrical  excitability,  of  muscle,  and 
relation  of,  to  spontaneous  muscular 
activity,  430. 

Electrical  properties,  of  monolayers,  119^ 

Electrical  resistance,  studies  of  in  cells,  107, 
108,  109. 
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Electromagnetic  lenses,  73. 

Electron  beam,  possible  distortion  of 
specimen  by,  74. 

Electron  beams:  focusing  of,  72,  73 ;  theo¬ 
retical  limits  of  resolution  for,  85. 

Electron  lens,  deficiencies  of,  90. 

Electron  lenses:  aberration  in,  74;  resolu¬ 
tion  of,  74. 

Electron  micrographs,  of  viruses,  392. 

Electron  microscope,  72;  for  examinirig 
incinerated  sections,  288 ;  use  of,  in 
analysing  ash  of  incinerated  sections, 
295-8;  use  of,  in  various  cytological 
fields,  75. 

Electron  microscopy:  of  cells  of  mouse 
breast  cancer,  404 ;  of  cells  of  two 
filterable  fowl  sarcomata,  403;  possible 
improvement  of  resolution  of,  by  wave 
front  reconstruction,  77 ;  results  of,  88, 
89,  90. 

Electron  ‘stains’,  use  of  osmium  tetroxide 
and  phosphotungstic  acid  as,  74. 

Electrophoresis  measurements  of  cells,  110. 

Electrophorus  electricus,  esterase  activity 
of  electric  organ  of,  365. 

Electrostatic  lenses,  72. 

Elementary  bodies,  392. 

Elford’s  collodion  filters,  392. 

Elimination  bodies,  194. 

Elimination  of  chromosomes,  207. 

Elodea  canadensis,  effect  of  pressure  on 
streaming  movements  in,  102. 

Embryonic  tissues,  ash  of,  308. 

Embryos,  change  in  esterase  content  in 
nervous  tissue  of,  during  development, 
366. 

Emulsion  droplet  formation,  141. 

Encephalitis,  lead,  ash  of  brain  in,  312. 

Endarteritis,  calcareous  deposits  in  in¬ 
flammatory  foci  of,  310. 

Endoderm,  459. 

Endoenzymes,  349. 

Endolymphatic  sacs,  of  Anuran  larvae, 
ash  of,  308. 

Endometrium,  486. 

Endomitosis,  205,  210. 

Endopolyploid  nurse  cell  nuclei,  194,  195. 

Endopolj^loidy,  205,  208,  217 ;  relation 
of  to  histological  differentiation,  211. 

Endosteal  cultures,  effect  of  pressure  on, 
428. 

Endosteum,  425 ;  bone-forming  activity  of, 
426. 

Endostyle,  484. 

Endothelium,  giant  centrospheres  in  cul¬ 
tures  of,  377. 

Enzootic  encephalomyelitis,  393. 

Enzyme  activity:  localization  of  sites  of,  in 
tissues,  20 ;  of  pig’s  stomach,  352. 

Enzyme  equipment  of  somatic  cells,  328-9. 

Enzyme  formations:  gene  control  of, 
322-7 ;  non-genetic  control  of,  327-9. 

Enzyme  specificity,  329-331. 

Enzymes:  associated  with  microsomos,  28 ; 
containing  heavy  metals.  339-43 ;  as 
histochemical  reagents,  32. 


SUBJECTS  507 

Enzymes  with  lytic  action,  333—4. 

Eosinophil  leucocytes,  ash  of,  300. 

Ependymal  cells,  in  vitro,  438. 

Ephelota  coronata,  resistance  of  tentacles 
of,  to  liquefaction  by  pressure,  101. 

Ephestia,  326. 

Ephestia  kiihniella,  lack  of  eye  pigment  in 
certain  races  of,  325. 

Epidermis,  of  normal  skin,  ash  of,  314. 

Epinine,  341. 

Epiphysis,  ossifying,  359. 

Epitheliocytes,  459,  460,  461,  490,  491. 

Epithelioid  cells:  nature  of,  386;  relation 
between,  and  tubercle  bacilli,  386-7. 

Epithelioma  contagiosum,  394. 

Ergosterol,  irradiated,  production  of  ex¬ 
perimental  calcification  by,  309. 

Erythritol,  165;  permeability  of  cell  mem? 
branes,  to,  163. 

Erythrocyte,  mammalian,  maintenance  of 
discoid  form  by,  160,  161;  thickness 
of  wall,  154. 

Erythrocytes:  permeability  of,  to  anions, 
163;  to  ions,  164;  tension  at  surface  of, 
159. 

Erythrogenic  mesoderm,  presumptive,  432. 

Erythrophores,  453. 

Erythropoiesis,  in  vitro,  432. 

Eschallot  bulb,  position  of  cytochrome 
absorption  bands,  in,  335. 

Escherich  ia  coli :  effect  of,  on  mitochondria 
of  kidney  tubule  cells,  385 ;  genes  in, 
226 ;  gene  recombination  in,  323 ;  in¬ 
fected  with  bacteriophage,  irradiation  of, 
92,  93. 

Escherichia  typhi,  385. 

Eserine,  366. 

Esters,  properties  of  films  containing,  120. 

Ethyl  alcohol,  effect  of,  on  mitochondria  of 
epithelial  cells  of  stomach,  374. 

Ethylene  glycol,  permeability  of,  into  cell 
membranes,  163. 

Ethylene  oxide,  147. 

Euchromatic,  chromosome  ends,  218. 

Euchromatic  regions  of  chromosomes,  191, 
198,  203. 

Euchromatin,  195-200. 

Exoenzymes,  349. 

Exophthalmic  goitre,  cellular  function  in, 
381-4. 

Eye,  development  of,  in  vitro,  436. 

Fallopian  tube,  471. 

Farrants’s  medium,  composition  of,  10. 

Fat,  in  degenerating  cells,  origin  of,  376. 

Fat  body  in  Amphibia,  478. 

Fat  dyes,  use  of,  to  stain  Golgi  material, 
260. 

1*  at  metabolism,  relationship  of  mito¬ 
chondria  to,  247. 

h  ats,  penetration  of  plasma  membrane  by, 
166. 

batty  acid  oxidase:  in  mitochondria,  239. 
247. 

Fatty  acids,  178. 
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Fatty  acids,  sodium  and  potassium  salts  of, 
effect  of,  on  lysis  of  cell  membrane,  156. 
157. 

Femur,  rudiment,  of  fowl,  359. 

Fertilization,  175-80;  birefringence 
changes  in,  177  ;  chemical  views  of,  177  ; 
immunological  views  of,  177;  mem¬ 
brane,  176,  177;  mitochondria  in,  234; 
permeability  changes  in,  177. 

Fertilizin,  175. 

Feulgen  reaction,  192,  357,  400. 

Feulgen  technique:  response  of  nucleoli  to, 
195;  and  malignant  cells,  409. 

Fibres,  tissue,  possible  production  of,  by 
spinning  protein  from  surface  of  cells, 
168,  169  ;  presence  of  polypeptide  chains 
in,  168. 

Fibrin  fibres,  banded  structure  in,  89. 

Fibrin,  possible  conversion  of,  to  collagen, 
422. 

Fibrinolysins,  333. 

Fibroblasts  of  heart  in  culture,  ash  of,  304. 

Fibroblasts,  stained  to  demonstrate  vita¬ 
min  C,  244. 

Field  stop,  50;  in  microscope  illumina¬ 
tion,  44. 

Films  and  monolayers,  114,  115. 

Filterable  tumours,  401-7. 

Fischer’s  filterable  fowl  sarcoma,  402. 

Fish,  lack  of  maltase  in  intestine  of,  345. 

Fixation,  of  tissues  for  micro-incineration, 
289. 

Flagella,  of  developing  rods  and  cones, 
450;  as  ectoplasmic  processes,  169; 
structure  of,  revealed  by  electron 
microscopy,  88. 

Flame  cells,  454,  465,  483. 

Flavin-adenine-dinucleotide,  338. 

Flavin,  presence  of,  in  human  retina,  339. 

Flavo-proteins,  338. 

Flemming’s  fluid,  6. 

Fluorescence  microscopy,  55 ;  use  of,  for 
determining  cellular  distribution  of 
vitamin  A,  240. 

Fluorescence,  primary,  56 ;  secondary,  56. 

Fluoride,  167. 

Fluorite  lenses,  avoidance  of,  in  fluore¬ 
scence  microscopy,  56. 

Fluorite  objectives,  43. 

Fluorochromes,  56. 

Foam  cells,  in  leprosy,  388. 

Follicles  of  Langerhans,  445,  446. 

Follicles,  of  thyroid,  development  of,  in 
vitro,  434. 

Foot-and-mouth  disease  in  cattle,  391. 

P'ormalin,  as  a  fixative  for  micro-incinera¬ 
tion,  289. 

Formvar  for  obtaining  replicas  of  surfaces 
of  objects  for  use  in  electron  microscopy, 
76. 

Foveolae  opticae,  447. 

Fowl  embryos,  phosphatase  in,  359,  360. 

Fowl-pox,  393  ;  inclusions,  micro-incinera¬ 
tion  of,  394  ;  reaction  of  cells  in,  392. 

Fractures,  repair  of,  in  vitro,  423. 

Free  energy,  surfaces  as  regions  of,  275. 
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P^ree  surfaces  of  cells,  aggregation  of 
mineral  salts  in,  301. 

P'reeze-drying,  applications  of,  23;  effect 
of,  on  liver  mitochondria,  236;  as  a 
fixative  method  for  micro-incineration, 
290 ;  technique,  application  of,  to  plant 
tissues,  291  ;  of  tissue,  236;  use  of,  prior 
to  electron  microscopy,  297. 

Fritillaria,  201. 

P"rog,  heart  muscles,  position  of  cyto¬ 
chrome  absorption  bands  in,  335; 
leucocytes,  tension  at  surface  of,  160; 
sartorius  muscle,  production  of  COj  by, 
112. 

Frozen -dehydration  method  of  tissue 
fixation,  20. 

Frozen  sections,  for  micro-incineration, 
289. 

Fuchsinophil  property,  of  urinogenital 
cells,  482. 

Fumaric  oxidase  of  yeast,  338. 

P^undus:  of  stomach,  pepsin  units  in,  347  ; 
urease  in,  357. 

Gaillard’s  ascending  range  method,  424. 

Galactolipins,  479. 

Galactosamine  in  mucin,  460. 

Gall  midges,  anomalous  meiosis  in,  222. 

Galleria :  cytochromes  in  thoracic  muscles 
of,  335 ;  wing  muscles,  position  of  cyto¬ 
chrome  absorption  bands  in,  335;  O. 
mellonella,  348. 

Gallic  acid,  adsorption  of,  on  to  protein 
monolayers,  174. 

Gamete,  formation  in  Mostigella,  463. 

Gastric  mucosa,  carbonic  anhydrase  in, 
342. 

Gastrocnemius  of  guinea-pig,  esterase 
activity  of,  364. 

Gel  formation  in  protoplasmic  streaming, 
180. 

Gemmule  formation,  460. 

Gene:  the  nature  of,  225-6;  sequence,  in 
Drosophila,  221 ;  specificity,  in  molecule, 
194. 

Gene-action,  biochemical  nature  of,  183. 

Gene-control:  of  alcaptonuria,  327;  of 
enzyme  formations  in  metazoa,  325-7. 

Gene-enzyme  relationship,  329-31. 

Genes:  naked,  329;  similarity  of,  to  en¬ 
zymes,  330 ;  size  of,  225,  226. 

Genetical  inertness,  198. 

Genital  funnel,  481. 

Genital  funnels,  473. 

Genital  pores,  484. 

Genital  sacs,  454. 

Oerris,  210. 

Gey’s  roller  tube  method  for  tissue  culture, 
420. 

Giant  centrosphere,  377. 

Giant  cells,  multinucleated,  ash  of,  303. 

Gibbs’s  law,  139,  235. 

Gibbs-Thomson  law,  303. 

Giemsa’s  stain,  8. 

Glandular  cells  of  uterus,  mitochonilria  of, 
247. 
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Gliadin  and  cholesterol  in  films,  130. 

Globi,  388. 

Glomerular  segment  of,  nephron,  470. 

Glomeruli,  471,  487. 

Glomerulus,  468  ;  development  of,  in  vitro, 
434;  diagram  of  development  of,  472. 

Glomus,  472. 

Glucosamine,  in  mucin,  460. 

Glucuronic  acid,  334 ;  physiological  effect 
of  conjugation  of,  with  other  molecules, 
166,  167. 

Glutathione,  244,  245,  262,  278;  in  mito¬ 
chondria,  241. 

Glutumic  acid,  239. 

Olyceridac,  481. 

Glycerides,  in  mitochondria,  242. 

Glycerine  jelly  as  a  mounting  medium,  10. 

Glycerol,  165;  penetrability  of  into  cell 
membranes,  163. 

Glycerol,  penetration  of  plasma  membrane 
by,  166. 

Glycero-phosphate,  480. 

Glyceryl  triacetate,  hydrolysis  of:  by  cells 
of  caudate  nucleus,  363 ;  by  human  red 
cells,  363. 

Glycogen,  penetration  of  plasma  mem¬ 
brane  by,  166. 

Glycogen-protein  complex  in  liver,  29. 

Glycyl-glycine :  enzyme  for  .splitting  in 
duodenum  of  rat,  352 ;  dipeptidase  in 
pancreas,  354-7. 

Glycyl-Z-proline,  dipeptidase  for,  352. 

Gnathostoma,  466. 

Gold :  adsorption  of  by  Golgi  systems,  271 ; 
chloride  245;  for  shadow  casting,  76. 

Golgi  alkaline  phosphatase,  difference  of, 
from  that  in  other  parts  of  cell,  269. 

Golgi  apparatus,  245,  249-79,  373,  375, 
394,  396,  397,  490;  in  acute  morphine 
poisoning,  275;  of  adrenal  cells,  effect 
on,  of  centrifugation,  267  ;  adsorption  of 
vitamin  C  by,  during  cellular  synthesis, 
276;  adsorptive  properties  of,  271; 
alkaline  phosphatase  in,  268-70 ;  of 
anterior  pituitary  cells,  273  ;  as  an  arte¬ 
fact,  257  ;  Baker’s  views  of  composition 
of,  258-9;  and  cellular  synthesis,  276; 
classical,  absence  of,  frpm  living  tissue 
culture  cells,  256;  comparison  of,  with 
coacervates,  254-5 ;  composition  of, 
260-2 ;  as  a  condensation  membrane, 
271  ;  in  degenerating  cells,  378-9;  effect 
on,  of  chloroform  narcosis,  260;  effect 
on,  of  ultra-centrifugation,  257 ;  and 
endocrine  secretion,  274;  estimation  of 
size  of,  252;  fatty  substances  in,  260; 
(complex ),  function  of,  270-9 ;  in  Graves’s 
disease,  381—4;  increase  of,  in  beri-beri, 
278;  inner  and  outer  parts  of,  253 ;  of  nerve 
cells,  effect  of  section  of  axones  on,  278  ; 
nomenclature  of,  25 1  ;  observation  of,  in 
living  cells,  257  ;  in  pancreatic  islet  cells, 
272;  parathyroid  cells,  372;  plate-like 
form  of,  254 ;  production  of  follicular 
fluid  by,  272;  protective' action  of,  for 
cell,  278;  reaction  of  to  Xanthoproteic 
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tests,  262 ;  relation  of  to  fat  resynthesis 
after  absorption,  272;  to  secretion,  271- 
2;  to  secretion  of  adrenal  cortex,  274; 
structure  and  physical  condition  of, 
252-60;  in  thyroid  cells,  272;  variation 
in  size  in  different  cells,  252 ;  vesicular 
form  in  molluscs,  258;  and  vitamin  C, 
262-8. 

Golgi  bodies:  changes  of,  in  hyperactive 
cells,  380 ;  increase  of,  in  malignant  cells, 
407  ;  in  malignant  cells,  408. 

Golgi  complex:  absorption  of  dyes  by,  270; 
in  convoluted  tubules  of  kidney,  274. 

Golgi  element :  localization  of  phosphatase 
activity  in,  358 ;  phosphatase,  358. 

Golgi  ‘end’,  of  bat  endometreal  cells,  272. 

Golgi-Holmgren  canals,  250. 

Golgi  material,  238 ;  examination  of,  with 
electron  microscope,  256,  under  polar¬ 
ized  light,  256 ;  in  Opalina,  doubtful 
identity  of,  with  vegetative  bodies,  302 ; 
reaction  of,  with  Millon’s  reagent,  262 ; 
specific  gravity  of,  253-4 ;  of  spermato¬ 
cytes,  256. 

Golgi  net,  composed  of  myelin  figures,  279. 

Golgi  network,  absence  of  in.  cells  exam¬ 
ined  by  phase  contrast,  52. 

Golgi  nets,  as  impregnation  artefacts,  259. 

Golgio-cytoarchitecture,  -genesis,  -kinesis, 
-lysis,  -rhexis,  -somes,  251. 

Golgi  system,  electrical  charge  of,  270. 

Golgi  vesicles,  relation  of,  to  diffuse  lipoid, 
260. 

Gonadotropic  hormone,  effect  of:  on 
adrenal  lipids,  479 ;  on  ovarian  explants, 
435. 

Gonads,  489 ;  developing,  comparison  of, 
with  adrenal  cortex,  474;  development 
of,  473-4. 

Graafian  follicles,  failure  of,  to  form  in 
vitro,  435. 

Gram’s  staining  method,  9. 

Grasshoppers,  numbers  of  genes  in,  225, 226. 

Graves’s  di.sease,  cellular  function  in, 
381-4. 

Green  light,  monochromatic  use  of,  for 
phase  contrast,  50. 

Ground  cytoplasm,  373 ;  in  degenerating 
cells,  375—7. 

Guanine:  cells  containing,  453;  nucleotides, 
190. 

Guarnieri  bodies,  393,  396. 

Guinea-pig  heart  muscle,  position  of  cyto¬ 
chrome  absorption  bands  in,  335. 

Qiinda  ulvae,  volume  changes  in,  104. 

OymnotiLs,  esterase  activity  of  electric 
organ  of,  365. 

Ilabrobracon,  220. 

Haemangio-blasts  in  vitro,  432. 

Haemocyanin,  392. 

Hair,  formation  of,  in  vitro,  434. 

Hatschek’s  nephridium,  484. 

Hatschek’s  pit,  485,  486. 

Healing  wounds,  presence  of  vitamin  C 
containing  cells  in,  276. 
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Heat  ])roduction,  measurement  of.  in  cells. 
105. 

Heart  muscle:  in  culture,  431 ;  differentia¬ 
tion  of,  in  culture,  431. 

Heart-water  of  cattle,  389. 

Helix  aspersa:  Golgi  apparatus  in  male 
germ  cells  of,  258;  Golgi  apparatus  in 
neurones  of,  259. 

Helix:  effect  of  sodium  bicarbonate  on 
dictyosomes  of,  260 ;  function  of  Golgi 
apparatus  in  nerve  cells  of,  278. 

Helly’s  fluid,  5. 

Hemiptera,  lack  of  centromeres  in  cells  of, 
187. 

Herapathite,  pleochroism  of,  58. 

Herpes,  393,  400. 

Herpes  simplex,  313. 

Herpes  virus,  398. 

Herpetic  encephalitis,  effect  of,  on  nerve - 
cell  mitochondria,  375. 

Herpetic  inclusions,  398. 

Herpetic  intra-nuclear  inclusions,  ash  of, 
313. 

Hesionidae,  481. 

Heterochromatic  blocks,  197. 

Heterochromatic  chromosome  ends,  218. 

Heterochromatic  regions:  of  autosomes, 
197;  of  chromosomes,  191,  196,  203; 
of  salivary  gland  chromosomes,  216. 

Heterochromatin,  195-200;  system,  in 
malignant  cells,  411,  412. 

Heteroptera,  209. 

Heteropycnosis,  195,  196,  200,  216. 

Heterotopic  bone,  formation  of,  361. 

Hexose  diphosphate,  30. 

Hexose  monophosphate,  359. 

Hexyl  alcohol-sodium  oleate,  142. 

Hipponoe  thickness  of  wall,  154. 

Histamine:  response  of  cells  to,  174; 
stimulation  of  acid  .secretion  of  stomach 
by,  343. 

Histiocytes,  481,  489. 

Hi.stiotypic  growth,  419. 

Histochemical  methods,  classification  of,  1 5. 

Histochemical  tests,  validity  of,  16. 

Histochemie  anirnale  (1936),  14. 

Histochemistry,  definition  of,  13. 

Histogenesis  in  chicken  embryo,  aggrega¬ 
tion  of  vitamin  C  in  cells  during,  276. 

Histo-haematin,  334. 

Histone,  183. 

Histone  nucleates  as  components  of 
chromosomes,  190. 

Histones,  194;  in  chromosomes,  189. 

Histo-spectrography,  298. 

Holmgren’s  canals,  250. 

Homogentisic  acid,  326 ;  as  an  end  pro¬ 
duct  of  tyrosine  metabolism,  327. 

Homologous  chromosomes,  217. 

Hoplochaetella  bifoveata,  458 ;  nephridial 
system  in,  459. 

Hoplochaetella,  common  nephridial  duct  of, 
465. 

Hormone,  487. 

Human  foetal  liver,  haemopoiesis  in 
cultures  of,  433. 


Hyaline  cartilage,  pho.sphatase  in.  361. 

Hyaluronic  acid,  334. 

Hyaluronida.se,  334. 

Hydra  viridis,  Golgi  nets  of,  252,  253. 

Hydrocarbons,  production  of  malignant 
growths  by,  406. 

Hydrochloric  acid,  production  of,  348-9. 

Hydrolying  enzymes,  343-55. 

Hydrophilic  balance  of  inter-facial  films, 
146. 

Hydroquinone,  252. 

Hydrostatic  pressure  effect  of,  on  ecto¬ 
plasmic  layer  of  cells,  168. 

p-hydroxyphenylpyruvic  acid,  341. 

Hydroxy tyramine,  341. 

Hymenopteran  oocytes,  379. 

Hyperchromatinic  nuclei  in  degenerating 
tumour  cells,  379. 

Plyperkeratoses,  human,  ash  of,  310. 

Hyperparathyroidism,  362. 

Hypertrophic  cartilage,  phosphatase  in, 
361. 

Hj’pophysectomy,  effect  of,  on  lipids  of 
adrenal  cortex,  478. 

Hypophysis,  485,  486 ;  nephridial  origin  of, 
489. 

Hypothalamic  part  of  nervous  system,  487. 

Hyvac  pump,  for  dehydrating  frozen 
tissues,  22. 

Ice,  vapour  pressure  of,  at  —65°  C.,  22. 

Idiozome,  relation  of,  to  Golgi  apparatus, 
254. 

Illumination,  for  microscopy,  methods  of, 
44. 

Image  converters,  in  microscopy,  78. 

Imaginal  dish  cells  in  insects,  cytoplasmic 
nucleotides  in,  192. 

Imagination  in  production  of  mesoderm, 
464. 

Incinerating  sections,  motion  pictures  of, 
294. 

Incineration:  different  rates  of,  for  dif¬ 
ferent  tissues,  292;  technique  of,  291-4. 

Incinerators,  microscope-,  types  of,  293. 

Inclusion  bodies:  ash  of,  312-13;  in  cells 
infected  with  Typhus  Rickettsiae,  391. 

Indigo-disulphonate,  348. 

Indole,  production  of  from  anthranilic 
acid,  324. 

Indophenol-oxidase,  334,  336. 

Inert  segments,  of  chromosomes,  199. 

Infectious  myxomatosis  of  rabbits,  394. 

Influenza,  391. 

Infra-red  phase  contrast  microscopy,  78. 

Infra-red  radiation  and  chromosome  re-  • 
arrangement,  220. 

Infra-red  spectroscopy,  71. 

Inner  Temple,  444. 

Innervation  of  electric  organ  of  Torpedo, 
cholinergic  nature  of,  365. 

Inorganic  salts,  behaviour  of,  in  mitosis, 
300-1. 

Insara  gracillima,  231. 

Insect  larvae,  suitability  of,  for  phase  con- 
trast  work,  50. 
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Insensitive  genes,  222. 

Insulin,  445. 

Integumentary  nephndia,  488. 

Interband  fibres  in  Drosophda  chromo¬ 
somes,  214.  -107  004 

Interchromomeric  connexions,  J8/, 
Interference  microscopy,  54,  55. 
Interference  principle  in  phase  microscopy. 


Interferometer,  64 ;  use  of  microscope  as, 
76;  wavefront  shearing,  55. 

Intergenic  connexions,  22o. 

Internum,  of  Golgi  apparatus,  254. 
Intersegmental  septum,  457. 

Interstitial  cells  of  testis  and  ovary,  lipid 
content  of,  479.  j  r 

Intestinal  cells,  brush  border,  formed  ot 


ectoplasm,  169. 

Intestinal  fat  emulsion,  147. 

Intestinal  mucosa,  phosphatase  in,  360. 

Intestinal  phosphatase,  358. 

Intranuclear  inclusions,  398—400 ;  in  cells 
of  a  filterable  tumour,  402. 

Intrinsic  birefringence,  61. 

Iodine:  reaction  of  basic  dyes  with,  9; 
test  for  starch,  introduction  of,  by  Ras- 
pail  in  1825, 13;  in  Graves’s  disease,  effect 
of,  on  cellular  changes,  383-4. 

lodoacetate,  167. 

lodo-quinine  sulphate,  pleochroism  of, 
58. 

Ionizing  radiations,  effect  of,  in  causing 
chromosome  breaks,  219. 

Ions,  effect  of,  on  contraction  of  heart 
muscle  in  vitro,  431. 

Iridophores,  453. 

Iron  ascorbate,  270. 

Iron,  in  pemphigus  skin,  315. 

Iron  oxide,  optical  appearance  of,  in  ash 
of  sections,  295. 

Iron  sugar,  adsorption  of  hy  Golgi  appa¬ 
ratus,  270. 

Islets  of  Langerhans,  evolution  of,  445. 

Iso-alloxazine  derivatives  in  ti.ssues,  338. 

Iso-alloxazlne  ring,  338. 

Isochromosome,  186. 

Isometric  contraction  of  muscle,  105,  106. 

Isometric  muscle,  change  in  impedance  in, 
108. 


Isopentane,  use  of,  for  freeze-drying,  21. 
Isotopes,  radioactive,  use  of,  in  cytology. 
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Isotropic  disks,  ash  of,  304. 


Janus  black,  for  demonstrating  mito¬ 
chondria,  11. 

Janus  green,  236,  237 ;  B,  253. 

Janus  red,  237. 

Jensen  rat  sarcoma,  410. 

Kanthal  A  alloy,  293. 

Kappa  factor:  apparent  nature  of,  92;  in 
Paramecium,  91. 

Kappa  substance,  of  Parameciinn,  203. 
Karyolysis,  379. 

Karyorrhexis,  379. 


Keratin,  digestion  of,  348.  •  /.  x* 

Keratinization  of  cells  and  virus  infection, 

394. 

a-keto  glutaric  acid,  239. 

Kidney,  development  of  in  vitro,  434; 
phosphatase  in,  360;  tubule  cells, 
alkaline  phosphatase  in  Golgi  region  oi, 
269. 

Kinetochore,  185.  ja  m 

Kohler  method,  of  illumination,  44,  oU. 
Kornchensuspension,  332. 

Krafft  point,  138,  139.  .  i  j  • 

Krebs  cycle,  enzymes  of,  in  mitochondria, 

239. 

Kultschitsky’s  haematoxylin,  479. 

Kunitz  enzyme,  32. 

Kyrurenine,  325. 

Kyrurenine  to  nicotinic  acid,  conversion 
of,  control  of  by  genes,  183. 

Laccase,  340. 

Lactation,  effect  of,  on  ash  of  mouse  mam¬ 
mary  gland,  305. 

Lactoflavin,  338. 

Lactoperoxidase,  340. 

L-amino  acids,  oxidation  of,  332. 
Langhan’s  cells,  386;  ash  of,  303. 
Langerhans,  follicles  of,  488. 
Langmuir-Adam  trough,  122. 

Large  granule  fraction  of  tissue  homo¬ 
genates,  26. 

Laurie  acid,  367. 

/-dopa,  341. 

Lead,  identification  of,  in  tissue  sections, 

295. 

Lecithin:  in  mitochondria,  242;  mono- 
layers,  penetration  of,  1 33 ;  presence  of 
in  Golgi  material,  261. 

Lecithinase,  330;  of  cobra  venom,  333; 
effect  of  on  lysis  of  cell  membranes,  156, 
L57. 

Leishman  stain,  8. 

Lens:  differentiation  of,  in  vitro,  436; 
induction  of,  in  vitro,  437 ;  systems,  of 
electron  microscope  and  optical  micro¬ 
scope,  comparison  of,  73. 

Lens  aberrations,  41. 

Lenses,  magnetic,  of  electron  microscope, 

296. 

Lenticular  nucleus,  esterase  activity  of, 
365. 

Lepidochondriosomes,  250. 

Lepidosiren  larvae,  469. 

Lepidosomes,  250. 

Lepra  cells,  388. 

Leprosy  bacillus,  387 ;  reaction  of  to  cells 
in  tissue  culture,  388. 

Leprous  lesions,  in  vivo,  338. 

Leprous  tissue,  culture  of,  388. 
Leptomeninges,  foetal,  400. 

Leptotene,  204. 

Leptotene  stage,  of  meiotic  prophase,  436. 
Lestodiplosis,  185,  231;  polytene  nuclei  in 
the  salivary  gland  cells  of,  215. 

Leucine,  requirement  of  Escherichia  for, 
324. 
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Leuco-basic  fuchsin,  192. 

Leucocytes:  phosphatase  in,  360;  poly¬ 
morphonuclear,  thickness  of  wall  of,  154 ; 
suggestion  that  plasma  membranes  of, 
are  coated  with  protein,  160. 

Leucomethylene  blue,  effect  of,  on  staining 
mitochondria,  238. 

Leucosolenia,  463. 

Leucosoleniidae,  460. 

Leucyl -glycine  dipeptidase,  in  radicle  of 
barley  germ,  350. 

Leukaemic  nodules,  ash  of,  310. 

Lewisite,  380. 

Lieberkuhn,  crypts  of:  alanyl-glycine 
dipeptidase  in,  352 ;  dipeptidase  in,  351 ; 
in  rat,  maltase  in,  345. 

Light  scattering  techniques,  143. 

Lilium,  chromomeres  in,  187. 

Limited  chromosomes,  in  Sciara,  206. 

Limnoea:  Golgi  material  of,  261;  yellow 
mitochondria  in,  240. 

Limulus,  carbonic  anhydrase  in  white 
cells  of,  343. 

Lipase,  346—7 ;  basis  of  demonstration  of, 
30 ;  histological  demonstration  of,  in 
small  intestine  of  rat,  346. 

Lipid  metabolism,  of  adrenal  contex  and 
gonad  cells,  477. 

Lipids:  of  adrenal  cortex,  479;  distribu¬ 
tion  of,  in  adrenal  cortex,  478. 

Lipides  and  proteins,  combination  of,  in 
living  cells,  377. 

Lipin,  in  mitochondria,  236. 

Lipine,  definition  of,  261. 

Lipochrome  pigmentation,  481. 

Lipoid  layers,  artificial,  thin,  production 
of,  114. 

Lipoid  solvents,  effect  of,  on  lysis  of  cell 
membranes,  156,  157. 

Lipolytic  enzymes,  346-7. 

Lipophores,  production  of,  from  the  neural 
crest,  452. 

Lipo-protein  films,  129. 

Liposarcoma,  mitochondria  in,  374. 

Lithium  ions,  164. 

Liver-cell  mitochondria,  production  of  fat 
by,  374. 

Liver  cells,  intra-nuclear  inclusions  of,  in 
yellow  fever,  ash  of,  313. 

Liver  tumours,  mitochondria  of,  240. 

Living  cells,  staining  of,  2. 

Llaveiella,  204. 

Long  chain  compounds,  effects  of,  on  cell 
permeability,  136. 

Long-range  electrical  forces,  172. 

Long-range  forces,  importance  of,  in 
biology,  114. 

Louping-ill,  401. 

Lugol’s  iodine,  396. 

Lurnbricus,  Golgi  apparatus  in  unstained 
living  spermatocytes  of,  258. 

Lymphocytes,  386,  387 ;  ash  of,  300. 

Lymphoid  tissue,  489. 

Lyo-enzyme,  331. 

Lysine,  322. 

Lysolecithin,  330,  332,  333. 


Lysozyme,  presence  of,  in  nasal  mucous, 
333. 

Lyssa  bodies,  397. 

Macacus  rhesus,  398,  400. 

Macallum  s  nucleoprotein  iron  compound, 
315. 

Maceration  medium,  best  type  for  pre¬ 
serving  mitochondria,  25,  26. 

Macromolecular  material,  in  horse  liver 
catalase  preparations,  29. 

Macrophages,  386;  effect  of,  on  cultured 
fibroblasts,  377 ;  in  inflammatory  areas, 
ash  of,  303 ;  survival  time  of,  in  dead 
bodies,  376. 

Macula  densa,  274. 

Macular  pigment,  presence  of  Xantho- 
phyll  in,  453. 

Magnesium  ash,  optical  appearance  of,  295. 

Magnesium,  image  of,  on  electron  micro¬ 
scope  screen,  297. 

Major  spirals,  in  chromosomes,  202. 

Malignant  and  normal  cells :  differences 
between,  406-7 ;  differences  in  cyto¬ 
plasm  between,  410-11. 

Malignant  cells:  ash  of  nuclei  of,  315; 
examination  of  with  phase-contrast 
microscope,  409 ;  heterochromatin  sys¬ 
tem  in,  411,  412;  mitotic  abnormalities 
of,  409-10;  nucleotides  of,  411-12; 
polarity  of,  407 ;  variations  in  structure 
and  functional  activity  of,  407-9. 

Malignant  growth,  401. 

Malignant  mammary-gland  cells,  failure 
to  segregate  dyes  by,  411. 

Malpighian  capsule,  466. 

Malpighian  layer,  of  skin  formation  of,  in 
vitro,  434. 

Maltase,  345. 

Mammal,  nephron  of,  471. 

Mammary  cancer  of  mice,  electron  micro¬ 
scopy  of  cells  of,  404. 

Mammary  carcinoma  cells  (human),  408. 

Mammary  gland,  488 ;  ash  of,  305 ;  phos¬ 
phatase  in,  360, 

Marks  plates,  58. 

Marmot,  scorbutic,  vitamin  C  in  cells  of, 
265. 

Mast  cell  granules,  staining  of,  by  methy¬ 
lene  blue  derivatives,  8. 

Mastigella,  461. 

Mastigella  vitrea,  463. 

Maximum  colloidality,  zone  of,  275. 

Meal  worm,  tyrosinase  in,  340. 

Mechanocytes,  459,  460,  461,  462,  463,  464, 
469,  475,  490. 

Meckel’s  cartilage,  359,  427. 

Meckel’s  rod,  425. 

Mecostethus  grossus,  197;  heteropycnosis 
in,  196. 

Medullary  duct  carcinoma  of  the  breast, 
human,  ash  of,  315. 

Megameric  chromosomes,  196. 

Megascolecid  worm,  488. 

yiegascolex  cochinensis,  nephridial  system 
in,  458. 
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Meiosis,  222-5 ;  essential  nature  of,  223. 

Melanin:  pigment,  production  of,  in  fove- 
olae  opticae,  447 ;  precursors  of,  341 ; 
red,  precursor  of,  340. 

Melanoblasts,  329,  341. 

Melanomata,  human,  ash  of,  316. 

Melanophore,  expanding  principle,  485. 

Melanophores,  341,  448;  of  birds,  449; 
production  of,  by  neural  crest,  452;  in 
vitro,  433. 

Melanotic  sarcoma,  401 ;  cells,  407 ;  of 
horse,  408. 

Melanotic  tumours,  extracts  of,  341. 

Membrana  granulosa,  475,  481. 

Membrane  bone,  differentiation  of,  in 
vitro,  426. 

Membrane  bones,  359. 

Membranes  of  cells,  properties  of  which 
lead  to  definition  of  structure,  151. 

Meningiomata,  ash  of,  316. 

Meristematic  cells  in  root  tips,  cyto¬ 
plasmic  nucleotides  in,  192. 

Mero-nephridia,  456;  exonephric  tufted, 
ductules  of  458;  integumentary,  pha¬ 
ryngeal,  458 ;  septal,  458. 

Mesenchymal  cells,  Golgi  material  in,  272. 

Mesenchymal  elements,  482. 

Mesenchyme,  459,  464,  467 ;  giant  centro- 
spheres  in  cultures  of,  377. 

Mesocoel,  467,  468. 

Mesoderm,  459,  464,  468. 

Mesodermal  elements,  482. 

Mesomeric  portion  of  coelom,  469. 

Mesonephric  duct,  466,  474-5. 

Mesonephric  funnel,  466. 

Mesonephric  rudiments,  467,  475 ;  in  birds, 
473. 

Mesonephric  tubules,  472. 

Mesonephros,  465,  466,  473,  480 ;  of 
iirodeles,  471,  diagram  of,  472, 

Mesothelium,  giant  centrospheres  in  cul¬ 
tures  of,  377. 

Metabolic  disturbances,  in  man,  gene  con¬ 
trolled,  326. 

Metabolism,  intermediary,  use  of  mutants 
in  study  of,  323. 

Metanephridium  of  Oligochaeta,  456. 

Metanephromixium,  457. 

M  ‘anephros  of  chick  embryo,  develop- 
1  .ent  of,  in  vitro,  434. 

Me  aphase,  ash  of  chromosomes  during, 
"01.  ^ 

Metastasis  of  tumours,  401, 

Melhyl  alcohol:  ability  of,  to  penetrate  the 
plasma  membrane,  165,  166. 

Methylene  blue,  375;  staining  of  mito¬ 
chondria  in  tissue  culture  cells  by,  237 ; 
as  a  vital  stain  for  the  Golgi  apparatus, 

20-methylcholanthrene,  317. 

Methylcholanthrene,  405 ;  production  of 
malignant  growths  by,  403. 

Methyl  green,  191, 

Methyl  methacrylate-silica  for  obtaining 
surface  replicas  of  objects  for  use  in 
electron  microscopy,  76. 
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p -methyl  cyclohaxanol,  144. 

Methyl-thiouracil,  effect  of,  on  Golgi 
apparatus  of  thyroid  cells,  384. 

Metol,  252. 

Miastor:  male  somatic  nuclei  of,  207 ; 
salivary  gland  nuclei  in,  215. 

Micellar  patterns,  86. 

Micelle  formation,  137,  138. 

Micelles,  protein  of  nerve  cells,  orientation 
of,  61. 

Microchemistry,  definition  of,  13. 

Micro-dissection,  35,  256 ;  on  dividing  eggs, 
180. 

Micro-fibres,  production  of,  by  compressing 
protein  monolayers,  128. 

Microfilms  in  cytology,  94. 

Microforge,  36. 

Micro-incinerated  sections,  identification 
of  minerals  in,  294-300. 

Micro-incineration:  moimting  of  sections 
for,  291,  292;  technique  of,  289-91; 
temperature  of,  292 ;  types  of,  292. 

Micro-injection  and  micro-dissection  in 
cytology,  97. 

Micro-organisms,  reaction  between,  and 
cells,  384. 

Microscope-incinerators,  types  of,  293. 

Microscope  made  easy,  by  Henry  Baker, 
quotation  from,  77. 

Microscopy,  future  of,  76. 

Microsomes,  18,  27 ;  composition  of,  28. 

Microspectrophotometric  methods,  demon¬ 
stration  of,  by  Caspersson,  85. 

Microspectroscope,  340. 

Microtome,  fatal  facility  of,  3 ;  high  speed, 
75. 

Milk,  formation  of,  in  human  mammary 
carcinoma  cells,  408. 

Millon’s  reagent,  positive  reaction  of 
mitochondria  with,  239. 

Minerals,  identification  of,  in  micro¬ 
incinerated  sections,  294. 

Minor  spirals,  in  chromosomes,  202. 

Mitochondria,  25,  232-48,  373,  394,  490; 
in  beri-beri,  234;  in  cellular  degenera¬ 
tion,  374—5;  changes  of,  in  hyperactive 
cells,  780 ;  changes  in,  in  malignant  cells, 
410;  chemical  analysis  of,  242,  243; 
comparison  of,  with  symbiotic  bacteria, 
234 ;  in  cyanide  poisoning,  234 ;  decrease 
of,  in  fat  and  lipoid  synthesis,  234,  red 
blood  cells,  with  development  of  haemo¬ 
globin,  234 ;  digestion  of  food  particles 
by,  in  amoeba,  245-6 ;  distribution  of,  in 
cell  division,  234 ;  double  structure  of, 
235;  effect  on,  of  ethyl  alcohol,  374;  of 
sulphonal  poisoning,  374;  examination 
of.  by  phase  contrast  in  living  cells,  375 ; 
fat  production  by,  374;  fimction  of, 
244-8 ;  in  fertilization,  234 ;  formation  of 
middle  piece  of  spermatozoa  by,  234; 
function  of,  in  protozoa,  245 ;  in  Graves’s 
disease,  381-4;  increase  of,  in  malignant 
cells,  407 ;  isolation  of,  from  cellular 
homogenates,  18;  by  differential  centri¬ 
fugation,  25 ;  as  indicators  of  cellular 
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injury,  234 ;  lipoid  in,  240 ;  list  of  sub¬ 
stances  present  in,  243 ;  in  living  kidney 
tubules,  375 ;  of  malignant  cells,  reaction 
of ,  to  ultra-violet  radiation,  37 5 ;  of  marine 
eggs,  98 ;  measurement  of  amount  of,  234 ; 
methods  for  demonstrating,  1 1 ;  move¬ 
ment  of,  233 ;  position  of,  in  cells,  235 ; 
possible  production  of  granules  by,  248 ; 
possible  relation  of,  to  fat  metabolism, 
247 ;  reduction  of,  in  inanition,  247 ; 
refractive  index  of,  235 ;  relation  of,  to 
Golgi  apparatus,  248,  249 ;  relation  of, 
to  plastid  formation,  234 ;  as  a  reserve 
store  of  metabolic  material,  247 ; 
re^iratory  enzymes  in,  238,  239;  re¬ 
spiratory  fimction  of,  244,  245 ;  role  of, 
in  production  of  yolk  of  eggs,  234; 
in  scurvy,  233,  234 ;  as  the  seat  of  fat 
metabolism,  243 ;  sensitivity  of,  to  heat, 
233;  staining  of:  by  Altmann’s  tech¬ 
nique,  11,  with  Janus  green,  236,  237, 
by  methylene  blue,  238 ;  structure  and 
composition  of,  235-44;  structure  of, 
vmder  electron  microscope,  235,  236; 
summary  of,  249 ;  as  temporary  aggre¬ 
gates  of  complex  composition;  test  for 
lipins  in,  235 ;  of  tissue  culture  cells,  233 ; 
in  tumour  cells,  412;  in  ultra-centri¬ 
fuged  cells,  235 ;  vitamin  A  and  carotene 
in,  240. 

Mitochondrial  surface,  274. 

Mitogenetic  radiations,  94. 

Mitosis:  behaviour  of  inorganic  salts  in, 
300-1 ;  phase  contrast  films  of,  51 ; 
Golgi  apparatus  in,  253 ;  transference  of 
nucleotides  in,  193. 

Mixonephridia,  466,  470,  486. 

Mixonephridial  tissues,  478. 

Mixonephridium,  457,  458,  473. 

Molecular  structure,  of  plasma  membrane, 
156. 

Molecular  weights,  measurement  of,  124. 

Molecules,  orientation  of,  in  multilayers, 
127. 

Molluscum  bodies,  393. 

Molluscum  contagiosum,  396,  401 ;  cellular 
reaction  in,  392,  393. 

Monolayers:  tanning  of  134,  135;  two- 
dimensional  condensed  or  solid  states  of, 
125;  two-dimensional  gas  state  of,  124; 
two-dimensional  liquid  state  of,  124; 
surface  pressures  of,  121;  surface  vis¬ 
cosity  of,  125;  technique  value  of,  119. 

Monochromatic  objectives,  67. 

Monochromator,  68. 

Monochromators,  56. 

Monocytes,  386,  459 ;  effect  of,  on  cultured 
fibroblasts,  377. 

Monoiodoacetic  acid,  358. 

Mononuclear  leucoytes,  Golgi  material  in, 
256. 

Mononucleate  myoblasts,  429. 

Mononucleotides,  30. 

Monophenoloxidase,  340. 

Morphological  studies  of  cells,  stimulated 
by  discovery  of  dyes,  13. 


Mosaic  diseases  of  plants,  391,  393. 

Mosaicism  in  chromosomes,  222. 

Mosquito  ileum,  209. 

Motor  end  plates,  electric  organ  of 
Torpedo  as  modified,  365. 

Mouse  sarcoma.  No.  37,  410. 

Mucin,  479:  production  of,  by  epithelio- 
cytes,  460. 

Mullerian  duct,  466,  471. 

Muller’s  organ,  484. 

Muller’s  wheel  organ,  486. 

Multilayer  formation,  126. 

Multinucleate  giant  cells,  386. 

Muscle  cells:  entirely  composed  of  ecto¬ 
plasm,  suggestion  that,  169;  volume 
changes  in,  104. 

Muscle :  contrasting  localization  of  calcium 
and  magnesium  within  the  cell-mem¬ 
branes  of,  305 ;  contraction,  electrostatic 
exploration  of,  173;  diminishment  of 
translucency  of,  during  contraction, 
109  ;  effect  of  increased  pressure  on  con¬ 
traction  of,  101;  fibres:  ash  of,  304,  of 
frogs,  ash  of,  305,  striations  of,  as  al¬ 
ternating  region  of  orientation  and  dis¬ 
orientation,  87 ;  frog,  viscous  and  non- 
viscous  elements  in,  106;  haemoglobin 
of,  94 ;  heat  evolution  of,  on  stimulation, 
105;  smooth:  banded  structure  of 
fibres  of,  89,  in  culture,  432;  striated: 
banded  nature  of,  fibres  of,  89,  iron  in 
ash  of  striations  of,  304. 

Muscularis  mucosae,  amylase  in,  344. 

Mustard  gas,  effect  of,  on  chromosomes, 

220. 

Mutant:  exacting,  324;  non-exacting,  324. 

Mutations:  rate  of  natural  occurrence  of, 
221;  single  genes,  by  radiation,  92; 
spontaneous,  in  micro-organisms,  324. 

Mycobacterium  leprae,  235. 

Mycobacterium  tuberculosis,  235. 

Myelin,  possible  production  of,  by  mito¬ 
chondria,  247. 

Myelin  sheaths:  lack  of  mineral  residues 
in,  304 ;  of  nerv'es,  optical  properties  of, 
87. 

Myeloperoxidase,  300. 

Myoblast,  469. 

Myoblasts:  contraction  of,  in  cultures  of 
smooth  muscle,  432 ;  of  heart  muscle, 
431. 

Myocoel,  467,  468. 

Myo-epithelial  cells,  451. 

Myofibrils,  430;  mitochondrial  origin  of, 
247 ;  in  smooth  muscle,  432 ;  of  smooth 
muscle  cells,  ash  of,  304. 

Myogenic  contraction,  430. 

Myohaematin,  334. 

Myoids,  contraction  of,  under  influence  of 
light.  451. 

Myonemata,  ash  of,  303. 

Myosin :  birefringence  of,  87 ;  fibrils, 
orientation  of,  shown  by  electron  micro¬ 
scope,  75 ;  gelled  condition  in  muscle, 
169;  molecules:  arrangement  of,  in 
muscle,  173,  changes  in  muscle  contrac- 
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tion,  87;  study  of,  by  oloctron  micro¬ 
scope,  75. 

Myotome,  468,  469. 

Myristic  acid,  367. 

Mytiltis,  alkaline  phosphatase  in,  in 
mantle  edge  cells  of,  269. 

N-acetylglucosamine,  334. 

Nadi  reagent,  336. 

Naevi,  human,  ash  of,  316. 

Nascent  peroxide,  339. 

Necrosis,  areas  of,  in  tumours,  408. 

Negative  heteropycnosis,  196. 

Negri  bodies,  397. 

Neisseria  gonorrhoeae,  385. 

Neisseria  intracellular  is,  385. 

Nemertines,  454. 

Nemertines,  diagram  of  nephridia  and 
coelomoducts  in,  455. 

Neoplastic  growths,  ash  of,  315. 

Nephridia,  454,  456,  457,  458,  464,  483, 
486, 487,  488 ;  haemochromogens  in,  482. 

Nephridial  canal,  457. 

Nephridial  cell,  464. 

Nephridial  funnels  of  earthworm,  480. 

Nephridial  rudiment  in  worms,  469. 

Nephridioblast,  454,  456,  465,  484,  489. 

Nephridio-coelomic  canal  system,  origin 
of  thymus,  pituitary  body,  and  para¬ 
thyroids  from,  489. 

Nephridiopore,  456,  457. 

Nephridiostome,  456,  457,  465,  470,  472, 
480,  481,  483. 

Nephridium,  459,  465,  476,  477,  484. 

Nephrocoele,  472,  473. 

Nephromixia,  470;  diagrams  of,  457. 

Nephrotome,  469,  473. 

Nereidae,  481. 

Nereis,  175;  middle  piece  of  sperm  of,  in 
fertilization,  234. 

Nereis  limbata,  eggs,  177. 

Nerve,  heat  production  of,  106. 

Nerve  axon,  variation  in  permeability  of, 
to  ions  with  passing  of  nerve  impulse, 
109. 

Nerve  cells:  acid  phosphatase  in,  362  ;  ash 
of,  304. 

Nerve,  degenerated,  cholinesterase  activity 
of,  366. 

Nerve  fibres:  changes  in  conduction  of, 
with  increased  pressure,  100 ;  increase  of 
action  of  potential  of,  by  increased 
pressure,  100. 

Nervous  tissue,  development  of,  in  vitro. 
437. 

Neural  canal,  in  vitro,  438. 

Neural  crest,  490;  tissue  447. 

Neural  tube,  468. 

Neurites,  emergence  of,  from  transplanted 
embryonic  nervous  tissue  in  vitro,  437. 

Neuroblasts :  formation  of  nervous  plexuses 
by,  438;  migration  of,  from  explanted 
nervous  tissue,  438. 

Neurocytes,  210. 

Neurodermatitis,  ash  of  skin  in,  314. 

Neurofibrillae,  lack  of  ash  in,  304. 
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Neurogenic  contraction,  of  muscle,  430. 

Neuroglandular  organ  of  Ciona,  485. 

Neurohypophysis,  487. 

Neurospora,  183;  amino-acid  requirement 
of,  322 ;  chromosomes  in,  224 ;  require¬ 
ment  of,  for  tryptophan,  323. 

Neurosyphilis,  ash  of  mfiltratrive  cells  of, 

312. 

Neutral  red:  cytology,  233,  251,  375;  re¬ 
action  of,  with  proteolytic  enzymes,  237  ; 
vacuoles  in  Golgi  region,  259. 

Neutrons,  slow,  possible  application  of,  to 
cytology,  90,  91. 

Nevillite  V  as  a  moimting  medium,  10. 

Nicol  prism,  58. 

Nicotinic  acid,  in  mitochondria,  241. 

Nicotinic  amide,  339. 

Nitrogen:  liquid,  use  of,  for  freeze  drying, 
21 ;  mustards,  effect  of,  on  chromosomes, 
220. 

Nigrosin,  staining  of  Golgi  material  with, 
261. 

Nile  blue,  480;  sulphate,  261,  479. 

Nissl  bodies,  pre.sence  of  calcium  in  ash  of, 
304. 

Nissl  granules,  secretion  of,  in  nerve  cells, 
278. 

Nitella,  109,  151;  membranes,  effect  of 
various  ions  on,  resistance  of,  107. 

Nitroprusside  to.st,  244. 

Non-polar  specificity  in  monolayers,  132. 

Notch  gone,  in  Drosophila  melanogaster, 
213. 

Notochord,  468,  484. 

Nuclear  buds,  as  indication  of  abnormality, 
379. 

Nuclear  inclusions,  caused  by  sub- 
maxillary  virus  in  guinea-pigs,  ash  of, 

313. 

Nuclear  membrane,  184;  of  Amphibian 
oocytes,  structure  of,  90;  effect  of  tear¬ 
ing,  99 ;  of  smooth  mu.scie  cells,  ash  of, 
304. 

Nuclear  sap,  184 ;  freedom  of,  from  nucleic 
acids,  192. 

Nuclear  structure,  diversity  of,  related  to 
histological  differentiation,  185. 

Nuclei:  giant  branching,  in  saliv^ary  glands 
of  Oerris,  210;  hypertrophied,  in  malig¬ 
nant  cells,  409;  of  malignant  cells,  ash 
of,  315;  obtained  by  differential  centri¬ 
fugation,  24,  25;  phosphatase  in,  360; 
of  tumour  cells,  relation  between  ash  of 
and  radiosensitivity,  317-18. 

Nucleic  acid,  85;  concentration  of,  in 
bands  of  salivary  gland  chromosomes, 
213;  localization  of,  in  cells,  criteria  of 
ribonuclease  technique  for,  34,  35 ; 
metabolism  and  viruses,  401 ;  pyri¬ 
midine  rings  of,  85 ;  starvation,  208 ; 
synthesis  in  malignant  cells,  410. 

Nucleic  acids,  189,  192,  208,  481  ;  iso¬ 
merism  in,  190;  possible  role  of,  in  pro¬ 
tein  synthesis,  193. 

Nucleo -cytoplasmic  volumes  in  tumour 
cells,  412. 
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Nucleohistone,  191. 

Nucleolar-associated  chromatin,  409,  412. 

Nucleolar  cliromosomes,  188. 

Nucleolar  extrusions,  in  cultures  of  endo¬ 
thelium,  379. 

Nucleoli :  ash  of,  300 ;  as  bladder-Uke  ex¬ 
tensions  of  special  chromosomes  regions, 
188;  chemical  composition  of,  195;  of 
skin  epithelial  cells,  presence  of  silicon 
in,  314 ;  as  temporary  storage-reservoirs, 
188. 

Nucleolus:  fall  of  in  nuclei  due  to  gravity, 
95,  96;  organizing  region,  of  chromo¬ 
some,  188. 

Nucleoprotein  natm'e  of  tobacco -mosaic 
virus,  392. 

Nucleotide  content  of  malignant  cells, 
relation  of,  to  rate  of  growth,  412. 

Nucleotides,  189;  cytoplasmic,  192,  193; 
molecular  weight  of,  190;  number  of  in 
polymerized  nucleic  acid  molecules  of 
chromosomes,  190. 

Nucleus,  184,  185;  as  a  centre  of  protein 
metabolism,  411;  in  degenerating  cells, 
379-80 ;  lack  of  rigid  structures  in,  95, 96 ; 
physical  nature  of,  96 ;  resting :  ash  of, 
300,  physical  nature  of,  99. 

Numerical  aperture,  40 ;  of  reflecting 
microscopes,  62,  63. 

Nurse  cells,  475. 

Nyctotherus  cordiformis,  ash  of  macro¬ 
nucleus  of,  303 ;  nature  of  ash  of,  302. 


Objectives,  working  distance  of,  scheme 
for  increasing,  78. 

Octanoxidase  activity,  presence  of,  in 
mitochondria,  239. 

Odontoblasts,  ash  of,  307 ;  differentiation 
of,  in  vitro,  429. 

Oenocytes,  210,  211. 

Oenothera,  position  effects  in,  222. 

Oestrin,  glucuronide  of,  penetration  of 
plasma  membrane  by,  166. 

Oestrogens:  effect  of,  on  mitotic  rate  in 
various  epithelia,  488 ;  liberation  of,  by 
follicle  cells,  480. 

Oestrone,  478. 

Oestrus  cycle,  periodic  changes  in  adrenal 
cortex  in,  482. 

Oestrus,  effect  of,  on  ash  of  mouse  mam¬ 
mary  gland,  305. 

Oil/water  interface,  the,  137. 

Oleic  acid,  148. 

Oleophobic  surfaces,  147. 

Oligochaeta,  diagram  of  development  of 
metanepluidium  in,  456. 

Olistherozones,  208. 

Omnochromes,  326. 

Oogonia,  development  of,  in  vitro,  435. 

Opalina,  257 ;  absorption  of  dyes  by  Golgi 
material  of,  270;  absorption  of  iron  by 
Golgi  bodies  of,  260 ;  ash  of,  302 ;  ash  of 
nuclei  of,  303;  Golgi  apparatus  in,  251 ; 
synthesis  of  protein  by  mitochondria  of, 
246. 


Optic  vesicle,  derivation  of,  from  neural 
tube,  450. 

Optical  artefacts  in  phase  contrast  micro¬ 
scopy,  54. 

Optical  differentiation  of  ash  of  incinerated 
sections,  295. 

Organotypic  growth,  419. 

Ornithine,  183. 

Orthospiral  coiling,  201. 

Os  dentale,  differentiation  of,  in  vitro,  427. 

Osmic  acid,  400,  479. 

Osmiophile  cortex  of  Golgi  material,  253. 

Osmiophihc  platelets,  251. 

Osmo-regulation,  487. 

Osmosis,  anomalous,  164. 

Osmunda,  201. 

Ossification:  localization  of  phosphatase 
in  regions  of,  359 ;  in  vitro,  423 ;  zone  in 
cartilage,  phosphatase  in,  361. 

Osteoblasts,  362 ;  aggregation  of  vitamin 
C  in,  276. 

Ovalbiunen  molecules,  size  of,  85. 

Ovarian  stroma,  481. 

Ovary:  development  of,  in  vitro,  435; 
diagram  of  developing,  474. 

Oviducal  funnel,  466. 

Oviduct,  473. 

Oxidase  reaction,  given  by  mitochondria, 
245. 

Oxidases,  30. 

Oxidizers,  in  fixative  mixtures,  5. 

Oxy chromatic  degeneration,  398. 

Oxygen :  penetration  of  plasma  membrane 
by,  166;  use  of,  during  micro-incinera¬ 
tion,  292. 

Oxyntic  cells,  of  fundus,  production  of 
HCl  by,  348. 

Oxyphilic  granular  material,  402. 

Oxyribose  nucleic  acid,  401. 

Oxytocic  principle,  485. 


Pachytene,  204 ;  phase,  435. 

Pairing  of  chromosomes,  223. 

Palmitic  acid,  367. 

Pancreas,  488 ;  enzjTnes  in,  354-7. 
Pancreatic  cells:  evolution  of,  445-6;  fall 
of  cytoplasmic  nucleotides  in,  after 
stimulation,  193. 

Pancreatin,  digestion  of  triolein  by,  147. 
Pancreozymin,  446. 

Paneth  cells,  enzymes  in,  353-4. 
Pantothenic  acid  in  mitochondria,  241. 
Papillomata,  conversion  of,  into  malignant 
growths  by  methyl  cholanthrene,  403; 
in  cotton-tailed  rabbits,  403. 
Parachemistry  of  tissues,  development  of, 
13. 

Paraffin  embedded  tissues,  permeability 

of,  to  water,  7.  ,  •  r 

Paraffin  sulphonates,  effect  of,  on  lysis  of 
cell  membranes,  156,  159. 

Paralytic  values,  394, 

Paramecia,  135,  136. 

Paramecium,  92,  95;  kappa-substance  of, 
203. 
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Paramecium  aurelia,  cytoplasmic  in¬ 
heritance  in,  91. 

Paranemic  coiling,  201. 

Paraphenylenediamine,  337. 

Pararosaniline,  9. 

Parat’s  vacuome,  2o9. 

Parathyroids,  487. 

Parietal  bone,  359. 

Parietal  cells  of  stomach,  production  of 
HCl  by,  348. 

Pars  nervosa,  486. 

Parthenogenesis,  175-80;  artificial,  178. 

Parthenogenetic  agents,  178;  fonnation 
of  asters  by,  179. 

Parthenogenetic  merogeny  in  Arbacia  egg 
halves,  97. 

Patella,  359. 

Pathological  calcification,  application  of 
photo-electric  method  for  analysis  of, 
299. 

Pechet’s  modification,  479. 

Pediculopsis,  194. 

Pediculopsis  grarninum,  231. 

Pemphigus  lesions,  ash  of,  314—15. 

Penetration;  of  lipoid  monolayers  by 
proteins,  133;  of  lipoid  and  protein 
monolayers,  130,  131 ;  of  monolayers, 
132,  133;  protein  films,  133. 

Pentose  nucleic  acid,  30;  rate  of  change 
of  phosphorus  of,  94. 

Pentose  sugars,  in  nucleotides,  189. 

Pepsin,  347. 

Peptidases,  349;  in  growing  cells,  349;  of 
stomach  intestine  and  pancreas,  350. 

Perichondrium,  differentiation  of,  in  cul¬ 
ture,  423. 

Periostemn,  425 ;  bone-forming  activ'itv  of, 
426. 

Peripatus,  454,  456,  466,  476,  484,  487. 

Peripatus,  coelomoduct  system  of,  466, 
467. 

Peritoneal  funnel,  466,  472. 

Permeability  changes  in  fertilization, 
177. 

Permeability  of  nerve,  following  discharge 
of  resting  potential,  170. 

Pernicious  anaemia,  433. 

Peroxidase,  340 ;  reaction  giv^en  by  mito¬ 
chondria,  245. 

Peroxidases,  30;  (plant),  340. 

Pelromyzon,  ammocoete  larva  of,  446. 

Pfliiger’s  cords,  development  of,  in  vitro, 
435. 

Pfliiger’s  egg  tubes,  477. 

pH,  changes  in,  caused  by  cellular  activitv 

111, 

pH  changes  in  smooth  muscle  durint?  con¬ 
traction,  111,  112.  * 

eosin-methylene  blue  staining^ 

pH  measurements  of  cells.  111. 

Phagocytal  organs,  481. 

Phagocytic  epithelium,  481. 

Phalloidin,  326. 

Phanerosis,  376. 

Pharyngeal  nephridia,  488. 


Phase  contrast:  combined  with  micro - 
dissection,  52,  53 ;  microscopy,  88 ; 

microscopy,  applications  of,  88 ;  micro¬ 
scopy,  basis  of,  45 ;  microscopy  and 
examination  of  mitochondria,  375 ; 
microscopy,  failure  to  observe  Golgi  nets 
by  use  of,  257,  258 ;  use  of,  for  examining 
stained  .sections,  49. 

Phase,  methods  for  obtaining  continuous 
variation  of,  50. 

Phase  plate,  47. 

Phenolic  amine  complex  dipole,  146. 
Phenolases,  30. 

Phenylalanine,  requirement  of  Escherichia 
for,  324. 

Phenyl  hydrazine  reaction,  479. 
p-phenylenediamine,  341. 
Phenylthiocarbamide,  341. 

Pheretima  posthuma,  488. 

Phloridzin,  167. 

Phokomelic  chick  embryos,  424. 
Phosphatase  (acid),  362. 

Phosphatase:  activity  in  cells,  inhibition 
of,  by  KCN,  269 ;  in  Golgi  region  of 
intestinal  cells,  279. 

Phosphatases,  358-62. 

Phospholipines,  histochemical  detection 
of,  16. 

Phospholipins,  479. 

Phosphoric  esters,  synthesis  of,  by  phos¬ 
phatase,  362. 

Phosphorus  poisoning,  changes  in  mito¬ 
chondria  in  pancreatic  acinar  cells  in. 
374. 

Phosphorylation,  358. 

Phosphoryl  choline,  330. 

Photo-electric  image  converters  in  infra¬ 
red  microscopy,  78. 

Photo-electric  method  for  quantitative 
estimation  of  ash  components  in  in¬ 
cinerated  sections,  298-300. 
Photographic  densitometry,  71. 
Photoreceptors,  in  man,  lack  of  movement 
in,  451. 

Phthisis,  effect  of,  on  mitochondria  of  cells 
of  choroid  plexus,  385. 

Phylogeny,  of  coelomic  canals,  483. 

Pia  mater,  as  a  neural  crest  derivative,  448. 
Picric  acid,  245. 

Pigment  cells:  of  connective  tissue,  in 
vitro,  433 ;  development  of,  from  neural 
crest,  in  vitro,  433 ;  of  neuroepithelial 
layer  of  eye,  effect  of  light  on,  451. 
Pilocarpine,  354 ;  and  pancreatic  secretion, 
355. 

Pineal  gland,  ash  of  Ciaccio  cells  of,  301 
Pituitary,  485,  487 ;  control  of  coelomo¬ 
duct  derivatives  by,  483;  effect  of,  on 
pancreas,  488;  gland,  in  vitro,  434; 
hormones,  protein  nature  of,  489;  pars 
intermedia  of,  effect  on  melanophores, 
452;  sense  organ’,  486. 

Planorbis,  Golgi  material  in,  261. 

I  lasma  gel,  1 80 ;  of  cells,  effect  of  increased 
pressure  m,  101;  liquefaction  of,  bv 
mci-eased  pressure,  100. 
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Plasma  membrane:  capacity  of,  107;  evi¬ 
dence  for  presence  in,  of  lipoid  layer, 
162 ;  penetration  of  large  molecules  into, 
164;  penetration  of:  by  molecules  with 
few  polar  and  few  non-polar  groups,  166, 
by  molecules  having  few  polar  and 
many  non-polar  groups,  166,  by  mole¬ 
cules  having  many  polar  and  non-polar 
groups,  166,  by  molecules  having  a 
predominantly  polar  character,  166; 
permeability  of,  162;  as  a  receptor 
system  for  stimuli,  169;  structure  of, 
152;  structure  of,  Overton’s  suggestion, 
162;  thickness  of,  153;  melting  pro¬ 
perties  of,  160. 

Plasmal  reaction,  482, 

Plasmogamy,  409. 

Plasmogenes  and  malignancy,  406. 

Platycleis  gmea,  231, 

Platyhelminth,  diagram  of  nephridia  and 
coelomoducts  in,  455. 

Platyhelminth  forms,  454. 

Platelets,  ash  of,  300. 

Plectonemic  coiling,  201. 

Pleochroic  substances,  57,  58. 

Pleomorphism  in  Rickettsiae,  389. 

Pleurosigma  angulatum,  81. 

Pneumatic  principle  in  micro-dissection 
instruments,  35. 

Pneumococci,  type-transforming  prin¬ 
ciple  of,  329. 

Poisenelli’s  law,  126. 

Poiseuille’s  law,  159. 

Polar  group  specificity  in  monolayers,  131. 

Polar-plasm,  of  eggs,  206. 

Polarity,  in  malignant  cells,  407. 

Polarized  light:  for  differentiation  of  ash 
components,  of  sections,  295;  for  exa¬ 
mining  sections,  288 ;  in  phase  contrast, 
50 ;  use  of,  in  microscopy,  86. 

Polarizer,  58,  59,  60. 

Polarizing  electron  microscope,  necessity 
for,  90. 

Polarizing  microscope,  57 ;  conversion  of 
ordinary  microscope  to,  59 ;  for  petro¬ 
logical  work,  60. 

Polaroid,  58,  60. 

Poliomyelitis,  391,  393,  401 ;  effect  of,  on 
nerve  cell  mitochondria,  375. 

Pollen  mother  cells,  spiral  chromosomes  in, 

200. 

Polyblasts,  386,  387. 

Poly  centric  chromosomes,  186. 

Polychaete  worms,  481. 

Polychromatic  lens  objective,  78. 

Polygenes,  198. 

Polyhydroxylic  bile  acids,  penetration  of 
plasma  membrane  by,  166. 

Polyhydroxylic  phenols,  effects  of,  on  lysis 
of  cell  membranes,  156,  157. 

Polymerization,  effect  of,  on  penetration 
of  natural  membranes,  166. 

Polymorphonuclear  leucocytes,  ash  of,  300. 

Poljmucleotide  chains,  190. 

Polypeptide  chains,  193,  194;  contraction 
of,  244;  cross  linked,  as  constituents 
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of  tissue  fibres,  168;  mechanical  pro¬ 
perties  of,  153. 

Polyphenoloxidase,  340. 

Polyphenols,  336. 

Polyploid  nuclei,  208. 

Polysaccharide  esters,  formation  of  films 
similar  to  protein  films  by,  129. 

Polysomaty,  208,  209;  in  plant  material, 

211. 

Polyspermy,  177. 

Polysystems  of  Golgi  apparatus,  253. 

Polytene  nature  of  salivary  gland  chromo¬ 
somes,  214. 

Polytene  nuclei,  in  Dasyneura  of  salivary 
glands,  215. 

Polyteny,  215,  217. 

Polyvinylacetate  monolayers,  elastic 
nature  of  threads  spim  from,  129. 

Porifera,  461. 

Porocytes,  462. 

Porocytic  epithelium  of  sponge,  462. 

Porphyrins,  57. 

Position  effects,  of  chromosomes,  221,  222. 

Positive  heteropycnosis,  195. 

Potassium  acetate,  376. 

Potassium  chloride,  376. 

Potassium  ions,  163;  movement  of,  across 
cell  membranes,  104. 

Potassium  oleate,  145. 

Potassium  permanganate,  245. 

Potential  measTirements  of  cells,  109. 

Pre-mandibular  somites,  485. 

Pre-oral  pit,  484 ;  of  Amphioxtis,  486. 

Pre-substance :  of  Golgi  apparatus,  253 ; 
Golgi-system  theory,  253. 

Pregnancy,  effect  of,  on  ash  of  mouse 
mammary  gland,  305. 

Pressure,  effect  of  changes  in,  on  cells,  100, 

101,  102. 

Product,  81,  346. 

Progesterone,  478;  liberation  of,  by  luteal 
cells,  480. 

Prolactin,  488. 

Pronephric  duct,  466. 

Pronephric  funnel,  466,  470. 

Pronephric  rudiments,  467. 

Pronephric  tubules,  472. 

Pronephros,  465,  466,  471,  475;  of  cyclo- 
stomes,  471;  of  cyclostomes,  diagram 
of,  472. 

Prophase,  ash  of  chromosomes  of,  301. 

Prostate  gland,  Golgi  material  in  un¬ 
stained  cells  of,  257. 

Prostigmine,  366. 

Protamine,  183;  nucleates  as  components 
of  chromosomes,  190. 

Protamines,  194. 

Protargol,  adsorption  of,  by  Golgi  systems, 
271. 

Protein  and  lipides,  combination  of,  in 
living  cells,  377. 

Protein,  mechanism  of  synthesis  of,  by 
mitochondria,  239. 

Protein  fibres,  naturally  occurring,  struc¬ 
ture  of,  as  revealed  by  electron  micro¬ 
scope,  89. 
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Protein  films,  127,  128,  129;  penetration 

of,  133.  . 

Protein  monolayers,  adsorption  on  to,  lo4. 

Proteins  t  effects  of,  on  fertilization  mem¬ 
brane,  176;  in  mitochondria,  242 ;  nature 
of,  in  salivary  gland  chromosomes,  213 ; 
penetration  of  lipoid  monolayers  by, 
133;  penetration  of  plasma  membrane 
by,  166;  presence  of,  in  Golgi  material, 
261. 

Proteolytic  activity,  of  mitochondria,  245. 

Proteolytic  enzymes,  347 ;  reaction  of, 
with  dyes,  237. 

Protohaem  group,  348 ;  of  plant  peroxi¬ 
dases,  340. 

Protonephridia,  470. 

Protonephromixium,  457. 

Proton  microscope,  possible  development 
of,  90. 

Protoplasm,  viscosity  of,  95,  96. 

Protoplasmic  movement,  pulsating 
rhythm  of,  244. 

Protoplasmic  streaming,  175-80;  effect  of 
pressure  on,  102;  and  gel  formation,  180; 
sol  ^  gel  transformations  of  ectoplasmic 
layer  in,  168. 

Protozoa:  ash  of,  301-3;  lytic  and  sjm- 
thetic  properties  of  mitochondria  in, 
245. 

Proximal  tubule,  of  nephron,  470. 

Psammechinu^,  dipeptidase  in  egg  of,  350. 

Psammechinus  miliaris:  cell  determination 
in,  350 ;  dipeptidase  in  unfertilized  egg 
of,  349. 

Pseudobranchs,  343. 

Pseudocholinesterase,  363,  366. 

Pseudopodia:  of  Amoeba,  98 ;  birefringence 
of,  87. 

Psittacosis  virus,  391,  397. 

Purine:  as  a  constituent  of  nucleic  acid, 
85;  metabolism,  in  Dalmatian  coach - 
hound,  327. 

Purines  in  nucleotides,  189. 

Purkinje  cells,  Golgi  apparatus  of,  278. 

Puipurin,  for  demonstrating  calcium,  358. 

Pyloric  region,  of  stomach,  pepsin  units  in, 
347. 

Pylorus,  urease  in,  357. 

Pyridine,  479. 

Pyridino-proteins,  339. 

Pyridoxine:  in  mitochondria,  239,  241  ;  re¬ 
quirement  of  Neurospora  for,  322-3. 

Pyrimidine,  as  a  constituent  of  nucleic 
acid,  85. 

Pyrimidines,  in  nucleotides,  189. 

Pyronin,  191. 

Pyruvic  acid,  239,  339. 


Q  disk,  of  striated  muscle,  ash  of,  304. 
Quartz  aplanatizing  plate,  use  of,  in  re¬ 
flecting  microscopes,  63. 

Quartz  condenser  in  ultraviolet  fluores¬ 
cence  microscopy,  56. 

Quartz  microscopy,  66. 

Quartz  monochromatic  lenses,  66. 
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Rabbit,  duodenum,  amylase  in  Brunner’s 
gland  of,  344;  macrophage,  tension  at 
surface  of,  160. 

Rabies,  391,  393,  397,  401 ;  ash  of  cyto¬ 
plasmic  inclusions  of,  313. 

Radiations,  use  of,  in  cytology,  84. 

Radicle,  of  barley  germ,  dipeptidase  in, 
350,  351. 

Radioactive  substances:  in  the  earth  s 
crust,  possible  effect  of,  on  mutation, 
221 ;  production  of  malignant  growths 
by,  406. 

Radium :  emanations,  effect  of,  on  the 
inorganic  structure  of  tumour  cells,  318; 
production  of  mall^^nant  growths  by, 
406;  treatment,  effect  of,  on  mouse 
mammary  gland,  306. 

Raja,  esterase  activity  of  electric  organ  of, 
365. 

Rana  esculetda,  distribution  of  cholin¬ 
esterase  in  sartorius  of,  364. 

Rana  pipiens,  Opalinids  in,  302. 

Rasmussen,  481. 

Rat:  duodenum,  lack  of  amylase  in 
Brunner’s  glands  of,  344 ;  ileum,  amy¬ 
lase  in  villi  of,  345;  ileum,  maltase  in, 
345. 

Rathke’s  pocket,  485. 

Rayleigh  equation,  144,  145. 

Recessive  lethal  genes,  221. 

Recovery  beat,  of  nerve,  170. 

Red  cell:  mammalian,  life  of,  93;  mem¬ 
brane,  ionic  permeability  of,  103 ; 
thickness  of  wall,  154. 

Red  cells,  diameter  of,  85. 

Red  pigment :  derived  from  mitochondria, 
247 ;  presence  of,  in  mitochondria,  243. 

‘  Redox  ’  system :  in  mitochondria,  245  ; 
of  vitamin  C  and  glutathione,  278. 

Reflecting  microscope:  future  develop¬ 
ments  of,  72 ;  principles  of,  62 ;  use  of,  as 
high -power  capillary  and  skin  micro¬ 
scope  ;  visual  range  of,  65 ;  working 
distance  of,  71. 

Reflecting  telescopes,  62. 

Relational  torsion,  effect  of,  on  chromo¬ 
somes,  224. 

Reptile,  nephron  of,  47 1 . 

Resistance  and  capacity  of  marine  eggs, 
changes  in,  as  a  result  of  fertilization,  108. 

Resolution,  theoretical  limits  of,  85. 

Resolving  power,  of  phase  contrast,  53. 

Resorcin  fuchsin,  staining  of  Golgi  material 
with,  261. 

Resorcinol,  as  a  staining  mordaunt,  8. 

Respiration  enzymes,  334-9. 

Respiratory  function  of  mitochondria, 
244—5. 

Respiratory  tract,  development  of,  in 
vitro,  435. 

Resting  potential  of  cells,  1 10. 

Restituted  chromosomes,  221. 

Rete  ovarii,  474,  477. 

Rete  testis,  474,  477. 

Reticulo -endothelial  cells,  tendency  of,  to 
take  up  vital  dyes,  3. 
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Reticulum,  argyrophil,  production  of,  by 
fibroblasts  in  culture,  421. 

Retina:  of  developing  eye,  ash  of,  287; 
developing,  diagram  of  cell  layers  of] 
449 ;  diagram  of  development  of,  from 
optic  vesicle,  449 ;  differentiation  of,  in 
culture,  436 ;  of  frog,  effect  of  light  on 
pigment  of,  452 ;  pigment  layer  of,  448. 
Retinal  cells,  evolution  of,  446-53. 
Rheumatic  fever  nodules,  ash  of,  310. 
Rhizomastigina,  461. 

Rhodamine  B,  staining  of  Golgi  material 
with,  256. 

Rhoeo,  201,  nuclei  analysed  in,  211. 
Riboflavin,  338;  in  mitochondria,  241; 
phosphate,  338. 

Ribonuclease,  18,  32,  192,  possession  of 
proteolytic  activity  by,  33 ;  stability  of, 
to  heat,  34. 

Ribonucleic  acid,  380. 

Ribosenucleic  acid,  189,  192,  193,  195; 

affinity  of,  for  pyronine,  17. 
Ribose-nucleotides,  401. 

Rickettsia  prowazeki,  389,  391. 

Rickettsia  ruminantium,  389. 

Rickettsiae,  388 ;  action  of,  on  cells,  389 ; 
growth  of,  in  cultures  of  mesothelium, 
390 ;  in  tissue  culture,  389 ;  transmission 
of,  389-91. 

Rift  valley  fever,  394,  398,  400;  ash  of 
inclusion  bodies  of,  313. 

Rocky  mountain  spotted  fever,  389. 

Rods  and  cones,  453 ;  development  of :  in 
culture  of  retina,  436,  in  human  eye, 
451;  differentiation  of,  450;  molecular 
structure  of,  87,  88. 

Roller  tube  method,  431. 

Romanowsky  stains,  8. 

Rosanaline,  9. 

Rotifera,  136. 

Rous  chicken  sarcoma  virus,  resemblance 
of,  to  microsomes,  27. 

Rous  sarcoma  No.  1,  402,  403. 

Rous  virus,  89. 

Rubidium  ions,  163. 

Sabellaria  egg,  95. 

Saccharomyces ,  formation  of  adaptive  en¬ 
zymes  by,  328. 

Saccus  endolymphaticiis,  development  of, 
in  vitro,  437. 

Safranin,  effect  of,  on  trypsin  solutions, 
237. 

Saliva,  use  of,  to  distinguish  between 
glycogen  and  amyloid,  32. 

Salivary  gland  chromosomes,  221 ;  band¬ 
ing  of,  212. 

Salivary  gland  disease  of  guinea  pigs  and 
moles,  393. 

Sanfelice’s  fluid,  5. 

Saponin,  178. 

Sarcoma  cells,  segregation  of  acid  dyes  by, 
411. 

Sarcomata,  401. 

Sartorius  of  frog,  distribution  of  cholin¬ 
esterase  in,  364. 


Schardinger’s  enzyme,  338. 

Schistocerca  gregaria,  231. 

Schultz  reaction,  244 ;  in  mitochondria,  24 1 . 
Schultze  s  modification  of  Liebermann’s 
method,  for  lipids,  479. 

Schwann  cells,  in  vitro,  438. 

Sciara,  220 ;  elimination  of  chromosomes 
by,  207 ;  limited  chromosomes  in,  206. 
Sciatic  nerve,  section  of,  effect  of,  on 
number  of  mitochondria  in  ventral 
horn  cells,  247. 

Scleral  cartilage  of  chick  embryos,  428,  429. 
Scleroblasts,  460,  462. 

Scrotal  sac  exudate  in  guinea  pig  typhus, 
389. 

Scurvy,  275. 

Sea-urchins,  175;  dipeptidase  in  un¬ 
fertilized  egg  of,  349. 

Secretin,  446. 

Secretion,  physico-chemical  problems  of, 
167. 

Seed  globi,  388. 

Segregation  apparatus,  375. 

Senile  dementia,  ash  of  senile  plaques  of 
312. 

Sepia,  341 ;  officinalis,  tyrosinase  in  ink 
gland  of,  340. 

Septal  nephridia,  488. 

Sex  cords,  474;  of  gonads,  477. 

Shadow  casting,  in  electron  microscopy, 
76. 

Shadow  microscopes,  76. 

Sheath,  of  giant  axon  of  squid,  esterase 
content  of,  366. 

Shope,  papilloma  virus,  403,  405. 

Silica:  in  nodules  of  silicosis,  use  of  micro¬ 
incineration  to  study,  317;  optical 
appearance  of,  in  ash,  295 ;  presence  of, 
in  walls  of  umbilical  arteries,  309. 
Silicocalcareous  compounds,  localization 
of,  in  pemphigus  lesions,  315. 

Silicon,  distribution  of,  in  normal  and 
pemphigus  skin,  315. 

Silicosis,  311-12. 

Silver  nitrate,  245. 

Sister-strand  crossing  over,  224. 
Sister-strand  reimions,  218. 

Skeletal  muscle,  histogenesis  of,  429-30. 
Skeletogenous  mesoderm,  specificity  of, 
427. 

Skin,  in  vitro,  434. 

Skin  hyperplasia,  production  of,  by 
methylcholanthrene,  ash  of,  317. 
Small-pox,  391. 

Smith-Dietrich  Test,  479. 

Smoluchowski  and  Einstein  equation,  144. 
Smooth  muscle:  in  culture,  432,  self  dif¬ 
ferentiation  of,  432. 

Snail  radula,  position  of  cytochrome 
absorption  bands  in,  335. 

Specificity:  of  histological  enzyme  tech¬ 
niques,  31 ;  of  enzymes  used  as  histo- 
chemical  reagents,  33. 

Spectrographic  analysis:  of  ash  of  in¬ 
cinerated  sections,  298 ;  of  incinerated 
sections,  288. 


INDEX  OF  SUBJECTS 


521 


Spectromicrograph,  68;  of  red  cell,  69,  70. 

Spectromicrographic  methods,  extension 
of,  to  the  infra-red  region,  76. 

Spectromicrography,  ultraviolet,  with  re¬ 
flecting  microscope,  69. 

Spectrophotometric  methods,  for  studying 
nucleoli,  195. 

Spectroscopy,  use  of,  in  cytology,  94. 

Sperm  head,  basophilia  of,  failure  of 
desoxyribosenuclease  to  affect,  33. 

Sperm  heads,  of  salmon  and  herring,  com¬ 
position  of,  190. 

Spermatids,  formation  of,  in  vitro,  436. 

Spermatozoa,  176,  177;  formation  of 

middle  piece  of,  by  mitochondria,  234. 

Sphere,  the,  in  degenerating  cells,  377. 

Spherical  aberrations,  41,  42;  correction 
of,  in  reflecting  microscope,  64. 

Sphincter  and  dilator  pupillae  muscles, 
450,  453. 

Sphingomyelin,  presence  of,  in  Golgi 
material,  261. 

Spicule  cell,  462. 

Spinacia  oleracea,  polj'ploid  nuclei  in,  208. 

Spinal  ganglion  cells,  Golgi  complex  of, 
254. 

Spindle-attachment,  185. 

Spindle  figimes :  birefringence  of,  86 ;  free¬ 
dom  of,  from  nucleic  acids,  192 ;  physical 
nature  of,  99. 

Spiral  structure:  absence  of,  in  salivary 
gland  chromosomes,  212;  of  chromo¬ 
somes,  200-3. 

Spiralization  in  prophase  of  somatic 
chromosomes,  demonstration  of,  by 
ultra-violet  light,  85. 

Spirogyra,  95. 

Spirostomum  ambiguum,  micronuclei  of, 
184. 

Splanchnocoel,  467,  468,  470,  472,  473. 

Spleniale,  differentiation  of,  in  vitro,  427. 

Sponge  embryos,  460,  461. 

Spongioblastoma,  ash  of,  316. 

Spontaneous  chromosome  rearrangement, 

221. 

Sodium:  chloride,  addition  of,  to  fixative 
mixtures,  6;  ions,  164;  oleate,  148; 
taiu-ocholate,  148;  thiocyanate,  inhibi¬ 
tion  of  carbonic  anhydrase  by,  342. 

Softening  fluid  for  paraffin  embedded 
tissues,  7. 

Sol  ^  gel  changes,  occurrence  of,  in  cyto¬ 
plasm,  96. 

Solenocytes,  454,  457,  465,  485. 

Somatic  pairing,  of  chromosomes,  189. 

Star-asteroid  gene  in  Drosophila,  213. 

Stearic  acid,  367. 

Steatococcus,  effect  of  X-rays  on  cells  of, 

1 87. 

Stentor,  macronuclei  of,  184. 

Sternal  plates,  differentiation  of,  in  vitro, 
427. 

Steroid  metabolism  of  the  coelomic 
epithelial  derivatives,  490. 

Steroids:  from  adrenal  cortex,  478;  as 
hormones  of  gonads  and  adrenals,  489. 


Stilboestrol,  273. 

Stomach,  cholinesterase  activity  of 
mucous  membrane  of,  363. 

Stomodoeal  ev^agination,  485. 

Stratum  spinosum,  of  skin,  ash  of,  317. 

Streaming  movements,  of  protoplasm,  in 
marine  ova,  as  movements  of  ecto¬ 
plasm,  169. 

Streptococcus  faecalis,  presence  of  L-tyro- 
sine  decarboxylase  in,  328. 

Streptomycin,  effect  of,  on  cells,  52. 

Styrenes,  as  mounting  media,  10. 

Sub-chromatids,  204. 

Sub-maxillary  disease,  400. 

Sub-micro.scopic  granules,  247. 

Substrate-specific  phosphatases,  32. 

Succinic  acid,  337,  338. 

Succinic  dehydrogenase,  245;  in  mito¬ 
chondria,  238,  239. 

Succinic  oxidase  (dehydrogenase),  333. 

Succinoxidase  activity  in  mitochondria,  27. 

Sucrose,  0-88M  solution,  use  of,  for  isolat¬ 
ing  mitochondria,  26. 

Sudan  black,  273,  479. 

Sudan  III,  400,  479,  481. 

Sudanophilic  granules,  in  adrenal  cortex, 
478. 

Sugars,  penetration  of  plasma  membrane 
by,  166. 

Sulphonal  poisoning,  effect  of,  on  mito¬ 
chondria,  374. 

Sulphydryl  compounds,  336. 

Superior  cervical  sympathetic  ganglion  of 
cat,  cholinesterase  content  of,  366. 

Supernatant  fluid,  of  tissue  homogenates, 
presence  in,  of  proteins  and  enzyme 
activity,  29. 

Supermunerary  chromosomes,  199. 

Supra-angulare,  differentiation  of,  427. 

Supra-optic  nuclei,  487. 

Surface  potential:  of  films,  relation  of,  to 
polar  groups,  121 ;  measurement  of,  121. 

Sirnface  pressures  of  monolayers,  121. 

Surfaces,  importance  of,  in  cell  synthesis, 
274. 

Sympathetic  chain  of  cat,  cholinesterase 
activity  of,  364. 

Sympathetic  ganglion  cells:  (human),  w 
vitro,  438 ;  modified,  of  adrenal  medulla, 
487. 

Symplexes,  of  Willstatter,  331. 

Synapses,  action  of  acetylcholine  at,  362. 

Synapsis,  222-5 ;  of  chromosomes,  223. 

Syphilitic  encephalitis,  ash  of  inflam¬ 
matory  lesions  of,  312. 

Tactoids,  112,  113,  114. 

Tapetum:  in  eye  rudiment  of  chick  em¬ 
bryo,  436;  pigmentation  of,  in  vitro, 
436 ;  presence  of  guanine  in,  453. 

Tar:  production  of  malignant  growths  by, 
405;  tumours  of  rodents,  ash  of,  316, 
317. 

Taxomyia  taxi,  207. 

Teeth :  ash  of,  307,  308 ;  development  of, 
in  vitro,  429. 
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Tegmentum  vasculosum,  development  of, 
in  vitro,  437. 

Teleost  fishes,  carbonic  anhydrase  in,  343. 

Teleosteon  eye,  carbonic  anhydrase  in,  343. 

Teleosts,  nephron  of,  471. 

Telomere  hypothesis,  218. 

Telomeres,  187,  188. 

Temperature:  abnormal,  effect  of,  on 
splitting  of  chromosomes,  205 ;  of  de¬ 
hydration,  of  freeze-dried  tissues,  291 ; 
effect  of,  on  chromosome  breaks,  220. 

Terminal  inversions,  of  chromosome 
regions,  188. 

Tertiary  splits,  in  chromosomes,  204. 

Testis,  466 ;  development  of,  in  vitro,  436 ; 
diagram  of  developing,  474. 

Testosterone,  effect  of,  on  adrenal  lipoids, 
478. 

Tettigoniidae :  ‘relic  spirals’  in  sperma¬ 
togonia  of,  201 ;  X-chromosomes  in,  196. 

Thalamus,  esterase  activity  of,  365. 

Theca  interna,  of  ovary,  phosphatase  in, 
480. 

Thermodynamics,  second  law  of,  275. 

Thiamin,  requirement  of  Escherichia  for, 
324. 

Thiamine,  339. 

Thiamino  proteins,  339. 

Thionin,  426. 

Thiouracil,  57. 

Thiourea,  effect  of,  on  thyroid  cells,  384. 

Threonine,  requirement  of  Escherichia  for, 
324. 

Thymine  nucleotides,  190. 

Thymonucleic  acid,  400;  complexes,  380; 
in  nuclei  of  lepra  cells,  388. 

Thymonucleodepolymerase,  33. 

Thymus,  487. 

Thyroid,  development  of,  in  vitro,  434. 

Thyroid,  phosphatase  in,  360. 

Thyroid  cells :  Golgi  complex  of,  254 ; 
reversed  Golgi  polarity  in,  272. 

Thyroid  follicles,  development  of,  in  vitro, 
434. 

Thyroids,  487. 

Thyroxine,  57. 

Tineola,  larva,  348,  349. 

Tineola  biselliella,  digestion  of  keratin  by, 
348. 

Tissue  culture  cells:  ash  of,  303-4;  mito¬ 
chondria  in,  244 ;  stained  with  methylene 
blue,  256. 

Tobacco  mosaic  virus,  172;  birefringence 
of,  86;  production  of  tactoids  by,  113; 
size  of,  85. 

Todea,  201. 

p-toluene,  sulphanilamide,  343. 

Toluidine  blue,  staining  of  mitochondria 
by,  in  vitro,  238. 

Torpedo,  485  ;  esterase  activity  of  electric 
organ  of,  365. 

Torpedo  marrnorata,  electric  organ  of,  365. 

a-toxin  of  Clostridium  welchii,  330. 

Tradescantia,  200,  201,  202,  220;  pollen 
grains,  effects  of  irradiation  on  nuclei  of, 
219. 


Training,  of  enzymes,  328. 

Transaminase  activity,  in  mitochondria. 
239. 

Trench  fever,  389. 

Triacetin,  hydrolysis  of,  by  human  red 
blood  cells,  363. 

Tri-centric  chromosomes,  186. 

Trichocyst  sheaths,  banded  structure  of, 
89. 

Triglycerides,  reaction  of,  with  lipid 
stains,  479. 

Trillium,  201,  202,  220. 

Triolein,  digestion  of,  by  pancreatin,  147. 

Triphenylmethane  dyes,  9. 

Triturus  pyrrhogaster ,  erythrocyte,  tension 
at  surface  of,  160. 

Triturus  viridescens,  egg,  tension  at  surface 
of,  160. 

Triturus  vulgaris,  Golgi  apparatus  in  in¬ 
testinal  cells  of,  258. 

Trophoblast  cells,  Golgi  material  in,  272. 

Tropinesterase,  325. 

Trout  egg,  volume  changes  in,  104. 

Trypan  blue,  481 ;  granules,  formation  of, 
in  Golgi  region,  265. 

Trypan  red.  Trypan  blue,  segregation  of, 
by  malignant  cells,  411. 

Trypanosomes,  mitochondria  of,  247. 

Trypsin-hke  enzyme,  production  of,  by 
alimentary  canal  cells  of  Ammocoete 
larvae,  445. 

Tryptophan,  322,  325. 

Tryptophan  pyrrolase,  326. 

Tryptophane,  183. 

Tryptophane-containing  proteins,  in  chro¬ 
mosomes,  189. 

Tryptophane  proteins,  194. 

Tsutsugamuchi  disease,  389. 

Tubercle  bacilli:  in  culture,  386;  selective 
staining  of,  by  fluorescent  dyes,  57. 

Tubercles,  385. 

Tubifex  rivulorum,  465 ;  leucyl  glycine 
dipeptidase  in  eggs  of,  351. 

Tubuli  recti,  storage  of  lipid  in  cells  of,  480. 

Tumours:  of  non-virus  (r)  origin,  405-6; 
resulting  from  action  of  viruses,  403-5. 

Tunica  albuginea,  475. 

Tween  40  and  80,  346. 

Tyndall  effect,  145. 

Tyndall-type  scattering  of  light,  142. 

Type-specificity,  as  an  inherited  character, 
329. 

Typhoid  bacillus,  385. 

Typhus,  murine,  391. 

Typhus  fever,  389. 

Tyrosinase,  340. 

Tyrosine,  191,  326;  metabolism,  448. 

Ultra -centrifuge  studies,  of  Golgi  material, 
253. 

Ultraviolet  absorption:  spectra  of  cell, 
after  treatment  with  ribonuclease,  34; 
spectra,  use  of,  in  localizing  nucleic 
acids  in  cells,  67. 

Ultraviolet  light:  effect  of,  on  cell  mem¬ 
brane,  179;  effect  of,  on  protoplasmic 
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viscosity,  175;  for  differentiation  of  ash 
of  sections,  295 ;  for  examining  in¬ 
cinerated  sections,  288 ;  theoretical 
limits  of  resolution  for,  85;  use  of,  in 
fluorescence  microscopy,  55,  56. 

Ultraviolet  micrographs  of  tumour  tissue, 
412. 

Ultraviolet  radiation:  effect  of,  on  chromo¬ 
some  rearrangement,  220 ;  production  of 
malignant  growths  by,  406. 

Uncontrolled  growth  in  culture,  419. 

Uranium  salts,  identification  of,  in  ash  of 
tissue  sections  by  ultraviolet  light,  295. 

Urease,  357. 

Urechis  caupo,  dipeptidase  in  egg  of,  350. 

Uric  acid  excretion:  by  Dalmatian  coach- 
hoimd,  327 ;  gene  control  of,  in  dogs, 
327. 

Uricase,  327. 

Urodeles,  segregation  of  lipid  in  con¬ 
voluted  tubules  of,  480. 

Urogenital  system,  487 ;  cells  of,  453 ;  in 
Craniata,  466. 

Uterine  arteries,  increase  of  ash  in  elastica 
interna  of,  with  age,  310. 

Uterine  gland  cells,  Golgi  complex  of,  255. 

Uterus,  472-3;  of  fowl,  ash  of,  during  egg¬ 
shell  secretion,  307 ;  stromal  cells  of 
uterus,  mitochondria  of,  247. 

V-shaped  chromosomes,  206. 

v+  substance  in  Drosophila,  325,  326. 

Vaccinia,  393,  396,  401 ;  structure  of, 
revealed  by  electron  microscope,  88 ; 
virus,  size  of,  85. 

Vacuome,  378;  theory,  250. 

Vagus  substance,  acetylcholine  as,  362. 

Van  der  Waal’s  forces,  124. 

Vasa  efferentia,  466,  474. 

Vascular  system,  as  a  imifying  system  of 
the  body,  487. 

^®®for  diagram  of  microscopical  image. 

Ventral  horn  cells,  of  cat,  247. 

Verdo  peroxidases,  340. 

Virchow  cells,  in  leprosy,  388. 

Virilism,  478,  482. 

Virus  III,  400 ;  inclusions,  398 ;  infection 
of  rabbits,  393. 

Virus  bodies,  392-3. 

Virus  diseases  of  plants,  397-8. 

Virus  of  tobacco  mosaic,  nucleoprotein 
nature  of,  392. 

Viruses,  388. 

Viruses:  action  of,  on  cells,  391-401; 
anti -catalytic  nature  of,  392;  as  de¬ 
cadent  organisms,  392;  inside  tissue 
culture  cells,  examination  of,  by  electron 
microscope,  89;  nature  of,  391-3- 
nucleic  acids  in,  193;  and  nucleic  acid 
metabolism,  401. 

Viscosity:  cytoplasmic,  rise  of,  in  cell 
division  96;  of  normal  and  malignant 
cells,  410;  protoplasmic,  changes  in, 
induced  by  electric  currents  or  ultra¬ 
violet  light,  175. 
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Visible  light,  theoretical  limits  of  resolution 
for,  85. 

Visual  purple,  pigments  in,  453. 

Vitamin  A,  244,  245 ;  in  mitochondria,  240 ; 
penetration  of  plasma  membrane  by, 
166. 

Vitamin  B  complex  in  mitochondria,  238, 
241. 

Vitamin  C,  238,  254 ;  accuracy  of  intra¬ 
cellular  localization  of,  267,  268 ;  in 
alveolar  phagocytes,  275 ;  in  Aplysia  egg, 
262 ;  in  cells  of  choroid  plexus,  277 ;  in 
fibroblasts,  265 ;  during  histogenesis  of 
chick  embryos,  262 ;  in  goblet  cells,  265 ; 
and  Golgi  apparatus,  262-8 ;  and  Golgi 
apparatus  in  damaged  liver  cells  of 
rabbit,  263;  in  Golgi  material  of  adrenal 
cells  at  different  stages  of  the  oestral 
cycle,  268 ;  in  Golgi  region  of  outer  cells 
of  adrenal  cortex,  275 ;  localization  of, 
in  Golgi  material  of  oocytes,  266;  in 
mitochondria,  241 ;  passage  of,  across 
kidney  tubule  cells,  266;  possible  link¬ 
age  of,  to  adrenal  steroids,  274 ;  prepara¬ 
tions  of  adrenal  cortex,  similarity  of,  to 
Golgi  preparations,  274;  relation  of,  to 
cellular  syntheses,  277 ;  stimulation  of 
lipolysis  and  proteolysis  by,  276. 

Vitelline  membrane,  98,  176. 

Volume  changes  in  cells,  measurement  of, 
102,  103,  104. 

Vorticella,  217,  ash  of  vacuoles,  in  303. 

Warburg’s  yellow  enzymes,  338. 

Waring  blender,  191. 

Watch-glass,  method  for  cultivating  tissue. 
420. 

Water  molecule,  size  of,  85. 

Waterbugs,  nuclei  of  salivary  gland  cells 
of,  184. 

Wave  front  reconstruction  microscopy,  77. 

Wax  moth,  348. 

Weigert’s  fibrin  stain,  422. 

Weigert’s  resorcin  fuchsin,  422. 

Wetting  properties  of  membranes.  161. 
167. 

White  Leghorn  chick  embryos,  433. 

White  matter,  of  brain,  esterase  activity 
of,  365. 

VV’olffian  body,  475. 

Wolffian  duct,  472,  475;  system,  473. 

Wood’s  glass  filter,  56. 

Xanthine  oxidase,  338. 

Xanthophores,  453. 

Xanthophyll,  481 ;  cells  containing,  453. 

X-chromosomes,  196,  197,  203,  205;  of 
Diptera,  21 2  ;  of  Drosophila  melanogaster, 
216;  of  grasshoppers,  195,  208;  hetero- 
chromatic,  199. 

X-ray  deflexion  angle,  142. 

X-ray  diagrams  of  multilayers,  127. 

X-ray  diffraction  bands  from  soap  solu¬ 
tions,  142. 

X-ray  diffraction  patterns,  141. 
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X-rays:  effect  of,  on  breaking  chromo¬ 
somes,  204 ;  effect  of,  on  chromosomes, 
186;  effect  of,  on  splitting  of  chromo¬ 
somes,  206;  production  of  centromeres 
by,  186;  production  of  malignant 
growths  by,  406;  spacing  in  molecules 
of  soap  solutions,  139 ;  theoretical  limits 
of  resolution  for,  86 ;  use  of,  in  cytology, 
91 ;  use  of,  in  determining  structure  of 
nucleic  acids,  190;  use  of,  in  shadow 
microscope,  76. 

Xylidine  red,  as  a  stain  for  collagen  fibres, 

12. 

X  zone,  477 ;  of  adrenal  cortex,  482. 

Y-chromosome  of  Drosophila,  195,  197, 
216. 

Yeast,  necessity  of,  for  producing  good 
salivary  gland  chromosomes,  217. 

Yeast  cells,  position  of  cytochrome  absorp¬ 
tion  bandis  in,  336. 


Yellow  fever,  391,  393,  400. 

Yolk  sac  endoderm  cells,  mitochondria  of, 
247. 

Yperite,  380. 

Z  band,  of  striated  muscle,  ash  of,  304. 
Zeiss  Bernauer  filters,  68. 

Zenker’s  fluid,  effect  of,  on  tissues,  6. 
Zernike  microscopy,  45. 

Zinc,  in  enzymes,  342-3. 

Zipper-like  imion  between  nucleotides,  194. 
Zona  fasciculata,  476,  477. 

Zona  glomerulosa,  476,  477,  481. 

Zona  pellucida,  lack  of,  in  ova  developing 
in  vitro,  435. 

Zona  reticularis,  476,  477. 

Zygotene,  204,  223 ;  stage  of  meiotic  pro¬ 
phase,  435. 

Zygotes  of  Mastigella,  463. 

Zymogen  granules,  of  pancreas,  233 ;  pro¬ 
duction  of,  by  mitochondria,  246-7. 
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